Experimental determination of the mass deposition flux of mineral dust at the Cape Verde Islands by Niedermeier, Nicole
Experimental determination of the
mass deposition flux of mineral
dust at the Cape Verde Islands
Von der Fakulta¨t fu¨r Physik und Geowissenschaften
der Universita¨t Leipzig
genehmigte
DISSERTATION
zur Erlangung des akademischen Grades
Doctor rerum naturalium
(Dr. rer. nat.)
vorgelegt
von Diplom-Meteorologin Nicole Niedermeier (geb. Kaaden)
geboren am 19. Ma¨rz 1983 in Leipzig
Gutachter: Prof. Dr. Alfred Wiedensohler
Prof. Dr. Otto Klemm
Tag der Verleihung 14. April 2014

Bibliographische Beschreibung:
Niedermeier, Nicole
Experimental determination of the mass deposition flux of mineral dust at the
Cape Verde Islands
Universita¨t Leipzig, Dissertation
143 S.∗, 135 Lit.∗, 46 Abb., 6 Tab.
Referat:
Der Eintrag von Mineralstaub in den Ozean geschieht entweder durch trockene oder durch
nasse Deposition. Dies ist ein wichtiger Prozess um ozeanische Organismen wie Phytoplank-
ton mit Na¨hrstoffen (z.B. Nitrat, Phosphat oder Eisen) zu versorgen. Viele Modelle befassen
sich mit der Simulation von Depositionsflu¨ssen von Mineralstaub in den Ozean. Messungen
von Massendepositionsflu¨ssen von Mineralstaub sind hingegen selten. Daher ist es von großer
Notwendigkeit, diese Messungen durchzufu¨hren um die vielen Modelle zu validieren und den
Mineralstaubzyklus besser zu verstehen.
Innerhalb des SOPRAN Projektes (Surface Ocean PRocesses in the ANthropocene) wird
der Materialtransport zwischen der Atmospha¨re und dem Ozean untersucht. Die Messun-
gen dafu¨r wurden auf den Kapverdischen Inseln durchgefu¨hrt, u¨ber welchen der Sahara-
staub durch die Passatwindzirkulation vorwiegend transportiert wird. Im Rahmen dieser
Arbeit werden in-situ Messungen von trockener Deposition von Mineralstaub in den Ozean
pra¨sentiert. Verschiedene Methoden wurden auf ihre Anwendbarkeit getestet und deren
Ergebnisse miteinander verglichen. Alle Messergebnisse liegen im Bereich der Messunsicher-
heiten, wodurch ein Satz qualita¨tsgesicherter Daten aufgebaut werden konnte. Diese Daten
wurden mit den Ergebnissen eines regionalen Chemie-Transport Modells verglichen. Mod-
ellierte Massendepositionsflu¨sse von Mineralstaub waren manchmal doppelt so hoch wie
gemessene. Die gro¨ßte Unsicherheit der Modelle liegt in der Emission des Mineralstaubs,
die im Transport und der Deposition fortgesetzt wird. Weitere Unterschiede entstehen durch
den Vergleich von Punktmessungen mit einer Gitterzelle, wenn der Staub nicht gleichma¨ßig
u¨ber die Gitterzelle verteilt ist.
Zusammenfassend wurden Massendepositionsmessungen von Mineralstaub erfolgreich mit
veschiedenen Methoden durchgefu¨hrt. Mit den Erfahrungen aus dieser Studie ist es nun
mo¨glich, Langzeitmessungen von Mineralstaubdeposition in den Ozean erstellen. Diese Daten
ko¨nnen von Atmospha¨renmodellierern fu¨r ihre Modellvalidierung genutzt werden. Anwen-
der von Ozeanmodellen und SOPRAN Partner werden diese Ergebnisse nutzen um z.B. die
ozeanische Reaktion auf den Mineralstaubeintrag zu untersuchen.
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Abstract:
The input of mineral dust to the oceans, via dry or wet deposition, is an important
process, because the entrainment of nutrients (e.g., Nitrate, Phosphor and Iron) is
essential for oceanic life such as phytoplankton. A lot of effort has been done to model
the dust deposition fluxes to the ocean. However, field measurements concerning the
deposition flux are sparse. Therefore, those measurements are needed in order to verify
the huge amount of model outputs and to better understand the mineral dust cycle.
Within the project SOPRAN (Surface Ocean PRocesses in the ANthropocene), the
influence of material exchange between the atmosphere and the ocean is investigated.
Measurements were carried out at the Cape Verde Islands in the direct outflow of the
Saharan Desert. This study presents the first in-situ measurements of the dry mass
deposition flux of mineral dust to the ocean. The applicability of different methods
was tested and the results were compared to each other. The results of the measured
data were comparable and a set of quality assured data could be built up. Those
results were compared to the output of a regional chemistry- transport model. The
modeled mass deposition flux was sometimes double as high as the measured one. The
main uncertainty of the models is the emission of mineral dust at the source region,
proceeding in the transport and emission of mineral dust. Furthermore, comparing
single point measurements with outputs of a grid cell leads to differences in deposition
fluxes by an inhomogeneous distribution of the mineral dust layer.
Summarizing, the measurements of the mass deposition flux of mineral dust could be
performed successfully with several methods. With the expertise of this study, long-
term observations of the mineral dust deposition to the ocean can now be established.
These data can be used by atmosphere modelers to validate their models. Ocean
modelers and partners of the SOPRAN project will use these data to investigate e.g.,
the biological response of the ocean to mineral dust entrainment.
∗
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1 Introduction
Mineral dust emitted from the arid and semi-arid regions of the world, with a highly
variable global source strength of 1500 ± 700 Tg·yr−1 [Tegen et al., 1996], contributes
to a large amount to the total mass of the wind-blown tropospheric aerosol. Depend-
ing on their size, mineral dust particles can be transported hundreds to thousands of
kilometers [Mahowald et al., 2005; Prospero et al., 1970; Grousset et al., 2003]. Many
research activities focused on the influence of mineral dust on radiative forcing [e.g.,
Sokolik et al., 2001; Heintzenberg, 2009, and references therein] and on cloud forma-
tion [e.g., DeMott et al., 2010; Murray et al., 2012, and references therein]. Another
property of mineral dust is the supply of nutrients to dry and wet surfaces to fertilize
terrestrial and oceanic ecosystems [e.g., Mahowald et al., 2005]. Furthermore, when a
mineral dust layer spreads over the ocean, the light intensity that enters the ocean is
weakened. As a consequence, less light is available for photosynthesis [Martin et al.,
1990] in the upper oceanic layers. Mineral dust thus plays an important role for the
interaction between atmosphere and ocean.
The two removal processes of mineral dust are dry and wet deposition. Dry deposition
is the process of sedimentation of mineral dust particles from the atmosphere due to
gravitational settling and downward directed turbulent fluxes. Wet deposition occurs
due to rain-out or wash-out, when mineral dust particles are either already caught in
the rain drops or are collected by the falling rain drops. The input of mineral dust to
the ocean due to these deposition processes is essential for oceanic life, since mineral
dust serves as a source of nutrients. Macro nutrients, e.g., nitrogen and phosphor, and
micro nutrients e.g., iron and aluminum, respectively, are utilized by oceanic microor-
ganisms such as phytoplankton or diazotrophs. In open ocean regions, the availability
of iron is the limiting factor for phytoplankton growth [Martin et al., 1990] and controls
nitrogen fixation [Martin and Fitzwater, 1988; Falkowski , 1997; Falkowski et al., 1998;
Boyd et al., 2000]. Nitrogen fixation is an important process especially in low nitrate
regions like the northern Atlantic Ocean, which converts the gaseous N2 to bio-available
N [Karl et al., 2002]. There is a positive correlation between the iron deposition to the
ocean, cyanobacteria (diazotrophs), that fix the nitrogen, and nitrogen fixation rates
[Falkowski , 1997; Moore et al., 2009].
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Only a small amount of the iron is soluble (Fe(II)) [Jickells et al., 2005] and therefore
directly bio-available. However, Barbeau et al. [2001] found out that also other forms
of iron (e.g., Fe(III)) can be directly bio-available. Mahowald et al. [2005] reported an
extremely variable fraction of the directly bio-available soluble iron in soils of 0.01 -
80% which depend on source mineralogy and atmospheric processing [Baker and Croot,
2010; Shi et al., 2011]. However, it was found that mineral dust particles smaller than
about 3 µm in diameter are more soluble than larger particles, which is explained with
the larger lifetime of smaller particles that can undergo more aging processes[Mahowald
et al., 2005; Siefert et al., 1999]. Mineral dust particles that are transported hundreds
of kilometers in the atmosphere may undergo chemical and physical modification [e.g.,
Trochkine et al., 2003; Matsuki et al., 2005]. Aging of mineral dust particles can in-
crease the fraction of soluble macro and micro nutrients. Mineral dust particles mainly
react with the soluble substances such as nitrate, sulfate and sea salt. The main mech-
anisms how these substances interact with mineral dust are addressed as heterogeneous
reaction with trace gases, coagulation and in-cloud processing [Andreae et al., 1986;
Okada et al., 2005; Dentener et al., 1996; Niimura et al., 1998; Wurzler et al., 2000].
Mineral dust, and especially iron, which is not directly bio-available, sinks down to the
ocean floor. There it can be modified to soluble iron and transported back to the upper
layers via upwelling processes [Jickells et al., 2005], where it is available for microor-
ganisms. Due to the iron input to the ocean, also interactions between the ocean and
the atmosphere exist. If macro nutrients are present and suitable ambient conditions
regarding temperature, light availability and water column stability exist, the use of
bio-available iron by e.g., phytoplankton leads to an increase in photosynthesis and can
lower atmospheric CO2 levels [Martin et al., 1990]. Turner et al. [2004] reported that
iron input to the ocean increases the production of DiMethyl-Sulfit (DMS). Releasing
the DMS to the atmosphere could lead to a decrease of the atmospheric temperature
as suggested by modeling studies [Jickells et al., 2005]. Therefore, the input of mineral
dust especially over the ocean regions plays an important role for bio-activity and the
consecutive atmospheric reaction.
Mineral dust that is transported over the oceans is highly variable in its concentration
and temporal evolution [Duce et al., 1980; Mahowald et al., 2005]. Reasons for the
high variability that often occurs already at the source regions can be found in the
strength of surface wind speed and the actual state of aridity [Mahowald et al., 2005].
Additionally, the occurrence or non-occurrence of rain on the transport path due to
the prevailing weather systems leads to less or more mineral dust in the atmosphere,
respectively. Prospero and Lamb [2003] found a connection between the change in the
El Nin˜o Southern Oscillation (ENSO) and the strength of the concentration of mineral
3dust.
Most of the published data on deposition fluxes of mineral dust over the ocean arise
from global model outputs [Prospero et al., 1996; Ginoux et al., 2001; Zender et al.,
2003; Luo et al., 2003; Schepanski et al., 2009], but long-term observations of depo-
sition fluxes of mineral dust to the ocean are sparse [Ginoux et al., 2001; Mahowald
et al., 2005]. There are several stations in the Atlantic and Pacific Ocean for long-
term in-situ observations of mass concentrations of mineral dust, such as Barbados,
Bermuda, Mace Head, Izana, Shemya, Midway, Oahu, Enewetak, Fanning and Samoa
[Gao et al., 2001]. Direct observations of mass deposition fluxes of mineral dust were,
however, performed rarely. Observations of deposition fluxes of mineral dust published
in Ginoux et al. [2001] result from the years 1972 to 1990. They compared modeled
deposition fluxes of mineral dust with measured ones for 16 stations, mainly in the
Pacific Ocean. The observations of total deposition fluxes mostly agreed well with the
modeled ones. However, there were discrepancies in the modeled and measured de-
position fluxes for neighboring stations, where the model showed less variability than
the observations. This mirrors the highly variable character of mineral dust distribu-
tion within a narrow area and the need to improve the models with measurements.
Mahowald et al. [2005] recommended to investigate the mass concentrations and mass
deposition fluxes of mineral dust (especially iron) in the remote ocean regions, because
they are necessary input parameters for modelers in order to better understand e.g.,
the mineral dust cycle including the pathways and travel time of the mineral dust par-
ticles.
These issues are raised in the scope of this thesis. The work was carried out within
the project ’SUrface Ocean PRocesses in the ANthropocene’ (SOPRAN), which is the
German contribution to the international ’Surface Ocean Lower Atmosphere Study’
(SOLAS) program funded by the ’BundesMinisterium fu¨r Bildung und Forschung’
(BMBF). SOPRAN combines different disciplines of physics, chemistry, biology and
oceanography from atmospheric and marine site using observations and modeling with
the goal to identify changes in the processes at the ocean surface due to climate change.
One part of the project addresses the issue of the mechanisms and the amount of mate-
rial exchanges between the atmosphere and the ocean. The measurements were carried
out in the remote Tropical North Atlantic Ocean at the Cape Verde Islands. Saharan
mineral dust plumes moving towards the northern tropical Atlantic are observed in
winter time in the lowest layers of the atmosphere below 2 km height [Kaufman et al.,
2005]. Dry deposition is the most efficient removal process of mineral dust during this
time [e.g., Schepanski et al., 2009]. In the summer months, the mineral dust layer is
situated above the trade winds and dust deposition is observed less extensive. Thus,
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the winter periods in January 2009 and lasting from December 2011 to March 2012
were chosen for investigating mass deposition fluxes of mineral dust. In January 2009,
different methods to measure mass concentrations of mineral dust and deposition ve-
locities were applied and compared to each other to find advantages and disadvantages
as well as the uncertainties of the different methods. The mass concentrations of min-
eral dust were combined with the deposition velocities to obtain mass deposition fluxes
of mineral dust. These results were compared to the output of a regional chemistry-
transport model. For the second period from December 2011 to March 2012, again
mass concentrations of mineral dust and deposition velocities were measured using the
most accurately methods from the 2009 measurements. The four months of continuous
data were used to calculate mass deposition fluxes of mineral dust. The comparison
with the same regional model was done to identify the uncertainties of the model. Fur-
ther investigations were done to obtain longer time series of mass deposition fluxes of
mineral dust. Therefore, the less complicated instrumentation to obtain mass concen-
trations of mineral dust together with assumptions about a mean deposition velocity
at the measurement station were used.
The aim of this work is to investigate different methods to measure mass deposition
fluxes of mineral dust and to compare with model outputs of mass deposition fluxes
of the same region in the same time. The findings of measurement - model agreement
or disagreement will be used to show the strength and the weakness of the model.
Following behind this Chapter, the mechanisms of dust emission, transport and depo-
sition including boundary layer meteorology are explained in Chapter 2. Chapter 3
addresses the description of the measurement site and the meteorological observations.
The measurement techniques to obtain deposition velocities, mass concentrations of
mineral dust and mass deposition fluxes of mineral dust are explained in detail in
Chapter 4. In Chapter 5, a description of the regional model used for comparison in
this work is presented. Afterwards, the results of two independent field experiments
are discussed in Chapter 6 and compared to the regional model. At the end in chapter
7, the findings of this work are summarized and an outlook for further research based
on these findings is given.
Please note, that pictures and text passages in this and the upcoming chapters were
partly extracted from the publication Niedermeier et al. [2014] (written by the author
of this thesis).
2 Theory
The aim of this work is to investigate the mass deposition flux of Saharan mineral dust
to the Tropical North Atlantic Ocean (TNAO). However, before the mineral dust can
be deposited, is has to be lifted up to the atmosphere and transported to the ocean.
The processes that underlie the emission and transport of mineral dust and a more
detailed description of the process of deposition are given in this chapter. Since the
investigations for this thesis were made for the Saharan Desert and the TNAO, the
focus will be on the prevailing mechanisms related to these regions, which are similar
in other regions of the world. Here, the term mineral dust refers to Saharan mineral
dust, exceptions are mentioned.
2.1 Processes of dust mobilization
Mineral dust that is transported in the atmosphere is usually not larger than about
60 µm in diameter (Kok et al., 1985). The larger the particles, the shorter their resi-
dence time in the atmosphere and the shorter the distance they are transported. How-
ever, at the source, the dust or sand grains, respectively, have a size of several tens to
hundreds of micrometer.
Favorable dust sources are documented to be such areas, which are dry and with low
vegetation, but with material large enough that sufficient strong wind has a large
windage to move it [Mahowald et al., 2005]. Additionally, it was found that wadis1
in the foothills of the mountains and basins that contained water in previous times
(Holocene and Pleistocene) provide large amounts of loose material [Washington et al.,
2003; Schepanski et al., 2007; Prospero et al., 2002; Reheis et al., 1995; Yaalon et al.,
1987]. The outflows of mountains, where water from precipitation transports loose sed-
iments to the foothills and generates weathering processes on the particles, are known
to be active dust emission regions. These regions are the arid regions of North Africa
(Sahel and Sahara), South Africa (Kalahari Desert), the Arabian Peninsula (Arabian
1The term wadi describes a valley with a dry riverbed or a shallow river.
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Desert), Central Asia (e.g., Karakum, Kyzyl Kum), China (Gobi), Australia (e.g.,
Great Victoria Desert), North America (e.g., Black Rock Desert, Colorado Desert),
and South America (e.g., Patagonian Desert) [Mahowald et al., 2005]. The northern
hemisphere is suggested to be the region with the strongest and most intensive dust
sources [Prospero et al., 2002].
If the wind blows over a sediment surface with sufficient velocity, sand and dust parti-
cles with diameters larger than 500µm start to move horizontally by rocking forward
and backward [Bagnold, 1941] or rolling and sliding, the latter one is also referred to
as creeping. To move the particles, the drag force and the moment of aerodynamic
lift have to overcome the gravitational and the inter-particle forces [Kok et al., 2012].
When the wind blows over a surface, a stress component parallel to the surface is in-
duced, the so called shear stress τ , which is defined as force per unit area. The friction
velocity u∗ depends on the shear stress and the air density ρa [Pye, 1987] by
τ = ρa · u2∗, (2.1)
and has to exceed a threshold friction velocity u∗,t to move the mineral dust. This
threshold friction velocity depends on particle size and soil characteristics. The smaller
the particles are, the higher is u∗,t because of internal forces of the particles, which in-
clude cohesive van der Waals forces and electrostatic forces, and adhesive moisture
films [Pye, 1987]. Additionally, the larger the particles are, the higher is u∗,t because
of gravity that needs to be overcome. The minimum threshold friction velocity can be
found for particle diameters between 60 and 110µm [Iversen and White, 1982; Shao and
Lu, 2000]. Both publications used semi-empirical expressions to calculate the threshold
friction velocity, which are shown in Figure 2.1. The movement of the particles larger
than 60 µm due to the exceedance of u∗,t is called saltation.
Particles are lifted because of the Bernoulli Effect, which describes the decreased pres-
sure on top of the particle compared to the bottom of the particle as a consequence of
a steady sheared flow near the ground [Chepil, 1945; Pye, 1987]. Once lifted into the
atmosphere, most of the particles fall quickly back again because their settling velocity
vs is larger than the vertical wind velocity component w. This is called bombardment,
i.e. the bounce of the particles on the surface, and the motion of particles larger than
70 µm in diameter follows a characteristic trajectory with a starting angle of about
55◦, following the wind field where the particle is accelerated, and sinking down at an
angle of about 10◦ due to the horizontal acceleration [e.g., Bagnold, 1941]. Usually,
the horizontal motion of the particle is four to five times the vertical motion. The
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impact of particles on the soil can eject, or splash, new particles into the fluid stream
with a higher kinetic energy. Then smaller particles (diameter of 10 - 20 µm) at the
surface can be elevated directly. With this bombardment, also particles which are not
found free at the surface (Dp < 10 µm) are burst out of the particles by destroying the
internal cohesion forces. If vs is smaller than w, the particles remain in the atmosphere
and depending on their size, they can be transported over wide ranges. There is a dis-
tinction between short-term suspension (several hours to days) for particles between 20
to 70µm diameter, and long-term suspension for particles smaller than 20 µm diameter
that remain in the atmosphere several weeks [Kok et al., 2012]. Only a small number
fraction (order 10−6) of the total number of particles included in the saltation flux is
transported over wide distances [Marticorena et al., 1997].
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Figure 2.1: Threshold friction velocity versus the particle diameter (after Iversen and White,
1982 and Shao and Lu, 2000).
2.2 Wind systems
The mechanisms to suspend particles into the atmosphere were explained in the previ-
ous section. Here, some meteorological wind systems will be introduced that transport
particles in the atmosphere.
In general, during the Saharan summer months mineral dust occurs between 3 and
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6 km height when the mineral dust layer is lifted above the trade winds inversion [Chi-
apello et al., 1995; Schepanski et al., 2009] passing over the Cape Verde Islands (which
are the focus of the thesis) without reaching the surface. In contrast, the mineral dust
layers spread in wintertime over the northeast Atlantic in the lowest atmospheric layers
below 2 km height [Kaufman et al., 2005] and mineral dust can pass the Cape Verde
Islands.
Mineral dust preferentially arrives in winter at the Cape Verde Islands due to the Har-
mattan (2.2.3) and density currents (2.2.4), with the dust being further transported by
the trade winds. Synoptic-scale processes such as surface lows and cold fronts due to
upper-level troughs and small-scale phenomena as dust devils (2.2.5) also contribute to
the emission of mineral dust that reaches the Cape Verde Islands. Satellite observations
from Meteosat Second Generation were used by Schepanski et al. [2007] to identify dust
active sources. They found main sources in winter (December to February) to be the
Bode´le´ Depression in Chad and the southern foothills of Massiv l’Air in Niger. Minor
sources could be identified in southern Algeria and northeast Mali.
2.2.1 Saharan air layer
The Saharan Air Layer SAL is a westwards directed mid-level jet, which usually forms
in the summer. This phenomenon is described in detail in Karyampudi and Carlson
[1988]. Marine air from the Mediterranean flows across the strongly heated North
African continent and is heated in the lower troposphere. After two to three days of
strong heating an isentropic2 mixed layer forms which reaches heights of up to 6 km.
When the mixing layer arrives at the West African coast, its base is lifted above the
cooler oceanic air to a height of 1.5 to 2.5 km. Due to a northward directed meridional
temperature gradient in the height of the SAL, which occurs between the warm Saharan
air and the cooler equatorial air, a strong vertical wind shear develops in the zonal winds
leading to a mid-level easterly jet. The SAL usually can be found at about 700 hPa. It
can cross the Atlantic Ocean within 5 - 6 days. When dust is lifted into the atmosphere,
it can be transported several hundreds of kilometers by the SAL.
2.2.2 Low-Level Jet
The nocturnal Low-Level Jet (LLJ) is a phenomenon observed over different regions
of the world, e.g., over the Great Plains in USA [Banta et al., 2006]. For the Saharan
Desert, a low pressure zone above mountains and massifs as a result of cooler air
2The term isentropic is used in a thermodynamic sense, when the Entropy of a system is constant.
In other words, no heat or other energy is exchanged with the surrounding.
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compared to the surrounding at the same potential height arises and a pressure gradient
is observed. This pressure gradient in combination with the Coriolis force leads to
geostrophic winds3 above the existing boundary layer. After sunset, the boundary layer
decreases rapidly ending in a nocturnal boundary layer. This fast decrease destroys the
geostrophic equilibrium and the wind accelerates heavily ending up in a wind speed
maximum, the nocturnal LLJ [Schepanski et al., 2009]. The shear produced by the LLJ
can be regarded as a source of turbulence [Banta et al., 2006, and referenced therein]
with downward turbulent mixing of momentum. Thus, dust can be mobilized and lifted
into the atmosphere. The highest intensity of LLJs and therefore of dust mobilization
is observed in the morning hours [Gerhardt, 1962; Tegen et al., 2013].
2.2.3 Harmattan
One prevailing wind system transporting mineral dust near the surface is the Harmat-
tan, which occurs most intense in the northern hemispheric winter (October to May)
[McTainsh et al., 1997]. Its origin is either in the Bode´le´ Depression (Chad) which is in
the central part of Africa in the Northeast Sahara or the alluvial plain of Bilma (Niger).
Dust emission in these regions in winter time is explained by Kalu [1979] as follows: an
upper level trough (N-S-axis) is formed as a result of the transport of cold air in the
upper level from mid-latitudes to the Tropics. This is accompanied by anticyclogenesis
at the surface westwards of the trough leading to an increase in surface pressure. The
intensification of the anticyclone forms a pressure surge and leads to strong surface
winds with strength of up to 15 to 25 m·s−1. This leads to the production of instability
and turbulence followed by the mobilization of mineral dust in vertical direction. The
lower wind velocity of 15 m·s−1 is large enough to keep the particles lifted and when
they reach the height of the prevailing wind, most often induced by easterly waves.
The dust plume follows the north-easterly winds north of the Inter Tropical Conver-
gence Zone (ITCZ) and spreads over the Gulf of Guinea to the TNAO. The dust profile
has its highest concentration where the wind velocity has its maximum, which is at
about 900 hPa as seen by Kalu [1979] over Nigeria. This is also the region of maximum
vertical wind shear. However, mineral dust can reach levels higher than 900 hPa up
to the height of the trade wind inversion, but with lower concentrations. The dust is
further transported with the trade winds in a height of about 1.5 to 3.0 km [Chiapello
et al., 1997; Barkan et al., 2004].
3Geostrophic winds form, when the Coriolis force and the pressure gradient force are in equilibrium.
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2.2.4 Density currents
This meteorological phenomenon is observed in different parts of the world, one fa-
mous region is the Sudan, where these phenomena are known as Haboobs [Lawson,
1971; Membery, 1985; Pye, 1987]. Observations of density currents were also made
in semiarid regions in the southwestern USA [Idso, 1972; Pye, 1987] and the Arabian
Peninsula [Membery, 1985]. Knippertz et al. [2007] documented the origin and devel-
opment of such a density current in detail for the region of the Atlas Mountains (see
also Figure 2.2) in Morocco.
Figure 2.2: Scheme of a density current (from Knippertz et al., 2007, ©Journal of Geophys-
ical Research), with the Atlas Mountains in the North and the density current
moving to the South.
They found out, that an upper level trough over northwestern Africa and the Mediter-
ranean (NE-SW-axis) is a typical synoptic situation for a density current. That trough
leads to a destabilization of the atmospheric stratification, making convective processes
favorable especially in the Atlas Mountains leading to convective clouds. The resulting
rain evaporates over the heated surface and thus forms a pool of cold air. The cold
air induces density currents (pressure differences compared to the environment) and
a movement in direction of the topography (downhill towards the Saharan Desert) is
initiated. Turbulent winds prescribe the leading edge of the density current. Due to
the turbulence, dust can be mobilized and is mixed within the current. The passage
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of a density current can be observed by a more or less significant change in several
meteorological parameters. The main change was found in the dew point temperature
that increased up to 12K. A sudden increase in wind velocity and in the pressure as well
as a rapid change in wind direction and a slight decrease in temperature are associated
with the passage of a density current.
2.2.5 Dust devils
Dust devils belong to the small-scale phenomena with horizontal dimensions of 0.5 to
5 m and a vertical axis of 3 to 100 m [Pye, 1987]. Their lifetime amounts several seconds
to some hours [Kok et al., 2012]. Dust devils form due to strong surface heating, which
lifts the air. Surrounding air flows tangential into the resulting surface low and initi-
ates rotation [Tetzlaff, 1974], resulting in a vortex tube. In that manner, dust is lifted.
By reaching the top of the dust devil, the dust is distributed horizontally, while it is
further moved upwards [Kok et al., 2012]. Because of their small dimension and short
lifetime, dust devils are hard to investigate and much worse to model. Furthermore,
the entrainment of mineral dust in the atmosphere due to dust devils is considered not
to be negligible [e.g., Balkanski et al., 2007; Mahowald et al., 2010; Kok et al., 2012]
and needs to be considered in local and global models.
2.3 Mineral dust deposition
In this thesis, the term deposition is used in context with particles accumulating back
on the surface again, and not in connection with particle concentration reduction, e.g.,
due to coagulation. The process of dust deposition starts at the source regions and
occurs on the whole way of transport until all mineral dust particles are removed from
the atmosphere, either due to sedimentation (dry deposition), wash- or rain out (wet
deposition) [Pye, 1987].
Generally, there is a distinction between dry and wet deposition. Dry deposition is
the dominant mechanism near the source region [Mahowald et al., 2005] and also in
the SAL and over the North African continent in the winter months [Schepanski et al.,
2009]. It occurs when the updraft velocity of the particle is smaller than its deposition
or settling velocity. Wet deposition may occur as in-cloud or sub-cloud scavenging.
The first process means that particles act as Cloud Condensation Nuclei (CCN) or get
immersed into cloud droplets on other ways and are removed from the atmosphere via
precipitation. Sub-cloud scavenging is understood as a process, in which mineral dust
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particles beneath a cloud are collected by falling rain droplets.
Maring et al. [2003] investigated the deposition of mineral dust particles and showed
a decrease of 80% of the Volume Mean Diameter (VMD) within the first two days
of a 10 day transport. They also found out that the main removal process of dust
from the SAL is gravitational settling. However, the deposition does not occur for
all size classes following the settling velocity due to Stokes law, but there is a step-
like function between diameters 7.3 and 12 µm where dust particles larger than these
diameters are totally removed from the atmosphere. The suggestion for this process is
an upward velocity of about 0.33 cm·s−1 equal to the settling velocity of 7.3 µm particles
(upper diameter, until no deposition is observed). The mechanisms behind this upward
velocity may be buoyancy due to solar heating effects induced by the dust particles
[Prospero and Carlson, 1981] or intermittent turbulent processes taking place within
the SAL [Pye, 1987].
Schepanski et al. [2009] computed dry and wet deposition fluxes for the African and the
TNAO region with a regional model system. They showed that wet deposition is very
intensive in summer over the north-eastern African continent including the northern
border to the Mediterranean and the southern border to the Gulf of Guinea with a
westward zone over the TNAO. Dry deposition was computed to occur only over the
continent in the summer, since mineral dust is lifted above the trade wind inversion
over the ocean [Chiapello et al., 1995; Schepanski et al., 2009] and is ’caught’ in the
SAL. In winter, wet deposition mainly occurs over the TNAO with an exception of the
Harmattan outflow region (Canary and Cape Verde Islands), in which dry deposition
is the dominant removal process.
2.4 Boundary layer meteorology
There is a variety of processes which are related within the field of boundary layer
meteorology but here, only some aspects that are directly connected to the issues of
the thesis shall be presented. A general introduction in the boundary layer structure,
the wind profiles therein and processes will be given in the next sections.
2.4.1 The planetary boundary layer
The troposphere can be divided into two vertical layers, the Planetary Boundary Layer
(PBL) and the free troposphere. The PBL is the part of the troposphere where a mod-
ification of atmospheric parameters occurs due to the underlying surface. The diurnal
variation of e.g., temperature and humidity is one example for that. It is pronounced
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in the PBL, but weak in the free troposphere which is above the PBL. The PBL can be
divided into three parts: The viscose sublayer, where no turbulence exists; the Prandtl
layer, where turbulent fluxes (transport of heat, momentum, moisture and impurities)
are roughly constant with height (typically 20 to 100 m); and the Ekman layer, where
turbulent fluxes decrease with height (up to 2 km) until the flow becomes laminar under
stable conditions. A scheme of the PBL is shown in Figure 2.3. Turbulent processes
in the boundary layer have spatial dimensions of less than 3 km and temporal dimen-
sions of less than 1 hour (after Orlanski, 1975). This work will focus on the turbulent
processes in the Prandtl layer.
viscose sublayer
Prandtl layer
Ekman layer
free troposphere
1 cm
100 m
2 km
turbulent flux horizontal wind velocity
Figure 2.3: Scheme of the planetary boundary layer, adopted after Pichler [1986] and Etling
[1996].
To describe turbulent motions within the Prandtl layer, some assumptions will be
made. First, considering an infinite surface, Horizontal Homogeneity4 (HH) is set up.
The only surface that can be treated to be close to infinity is the ocean [Kaimal and
Finnigan, 1994], which is exactly the surface above which the measurements are carried
4Atmospheric properties remain identical in horizontal direction.
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out. Second, stationarity5 is assumed. Time averages can be used to represent atmo-
spheric properties of the processes [Kaimal and Finnigan, 1994]. These two conditions
are necessary to describe the meteorological situation at the measuring site.
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z 
x 
s 
n 
i unstable 
neutral 
stable 
Figure 2.4: Development of an internal boundary layer, when the air passes a border of
different atmospheric stratifications, taken from Stull [1988] and modified.
Measurements were performed on an island in the TNAO. When the wind passes a
surface with changing roughness length6 z0, an Internal Boundary Layer (IBL) forms
within an existing boundary layer [Stull, 1988]. An example for an IBL is shown in
Figure 2.4. The air comes from the ocean (z01), crosses the border (shoreline) to the
island (z02) and the IBL can form. The boundary layer over the ocean and over the
island is identical above the IBL. The height δ of the IBL depends on the distance
to the border (x), which is called fetch, and on the atmospheric stratification (stable,
neutral or unstable). With the following equation [Stull, 1988], δ can be estimated:
δ = z01 · αIBL ·
(
x
z01
)βIBL
(2.2)
with αIBL and βIBL being parameters depending on the atmospheric stratification.
To characterize the atmospheric stratification, the measurement height z is divided
by the Obukhov length L, which will be explained in Section 2.4.2. In table 2.1 the
different types of atmospheric stratification are summarized. Values for the parameters
z/L, αIBL and βIBL were taken from Stull [1988].
5Atmospheric properties do not change with time.
6The roughness length describes the scale height, at which the wind velocity becomes zero.
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Table 2.1: Values for the stability parameter z/L and the parameters α and β that were
taken to calculate the internal boundary layer height according to the atmospheric
stratification.
atm.stratification z/L αIBL βIBL
stable > 0.1 0.2-0.45 0.6-0.75
neutral -0.3-0.1 0.5 0.8
unstable < -0.3 0.55-0.8 0.85-1.0
2.4.2 Wind profile in the Prandtl layer
This section shall introduce the governing wind system in the Prandtl layer that will
later be used to calculate deposition velocities, which are necessary to calculate the
mass deposition flux of mineral dust.
Transport (of e.g., momentum) in the atmosphere is dominated by horizontal advection
with the mean wind and in the vertical by turbulence (Stull, 1988). An arbitrary
variable x can be divided into its mean, marked with an overbar (x), and its turbulent
part, indicated with a prime (x’) (Equation 2.3):
x = x+ x′ (2.3)
To obtain the wind profile in the Prandtl layer, the friction and the shear stress need
to be regarded. The horizontal shear stress τh is caused by vertical transport due to
friction [Pichler, 1986] and can be written as
τh = µ
∂U
∂z
+ ρa · w′U ′. (2.4)
where U and w are the horizontal and vertical wind velocities, respectively, and µ is
the viscosity and ρa is the density of air. The first term in Equation (2.4) describes the
molecular friction, while the second term describes friction due to turbulence. Since in
the Prandtl layer the friction due to turbulence exceeds the molecular friction [Pichler,
1986; Etling, 1996], Equation (2.4) can be simplified to
τh = ρa · w′U ′. (2.5)
Consider a thought experiment: An air parcel is moved due to the vertical wind velocity
from a starting level z to a layer Z by the distance z′. When the air parcel has the
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same properties in level Z as it had in level z, this property (e.g., the horizontal wind
velocity) differs to the surrounding in level Z and is described as U ′. The following
equation can be determined [Stull, 1988]:
U ′ = −∂U
∂z
· z′. (2.6)
The assumption that the fluctuation in the vertical wind velocity is proportional to the
fluctuation in the horizontal wind velocity (w′ = c ·U ′ for ∂U/∂z < 0 and w′ = −c ·U ′
for ∂U/∂z > 0) [Stull, 1988], where c is a proportionality constant, leads to the
following equation:
w′ = c
∣∣∣∣∂U∂z
∣∣∣∣ · z′. (2.7)
Inserting Equations (2.6) and (2.7) in Equation (2.5) yields the following result:
τh = ρa · c · z′2
(
∂U
∂z
)2
. (2.8)
Defining the mixing length l as l2 = c · z′2, Equation (2.8) can also be written as
l · ∂U
∂z
=
√
τh
ρa
= u∗ = const. (2.9)
because the shear stress and the density of air are constant in the Prandtl layer. By
considering that the size of a turbulence element cannot be larger than its distance to
the surface [Stull, 1988], the mixing length can be written as l = κ · z, where κ denotes
the van Karman constant with a value of 0.4. Thus, by inserting l and integrating
Equation (2.9)
U =
u∗
κ
· ln
(
z
z0
)
(2.10)
which is called the logarithmic wind profile that is valid in the Prandtl layer. Equation
(2.10) is only valid, if the atmospheric stratification is adiabatic, or in other words,
neutral. If the atmospheric stratification is stable or unstable, one has to use the log-
linear profile or the similarity theory. However, their explanation is beyond the scope
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of this thesis and will therefore not be explained here.
The atmospheric stratification can be characterized by the use of the Obukhov length
L, which is a representative scaling factor. The Obukhov length defines the height,
where the equilibrium of the production of turbulent energy between wind shear and
thermal processes is found [Etling, 1996]. The Obukhov length is
L = − θ
κ · g ·
u3∗
H
(2.11)
where θ is the potential temperature, g is the gravitational constant and H is the
sensible heat flux. Calculations for H will be explained in the next section.
2.4.3 Deposition velocity
As mentioned earlier, the deposition velocity vd is a necessary parameter to calculate
the mass deposition flux. It quantifies the velocity a particle or a particle population
experiences by the deposition process. The methods to calculate deposition velocities
are based on the parameterization by Zhang et al. [2001], which accounts for turbulent
transfer, Brownian diffusion, impaction, interception, gravitational settling, and parti-
cle rebound [Held et al., 2006, and references therein]. The dry deposition velocity is
given by:
vd =
1
Ra +Rs
+ vg (2.12)
where Ra and Rs denote the aerodynamic and surface resistance, respectively. The
way to calculate Ra and Rs is described in detail in Zhang et al. [2001]. vg is the
gravitational settling velocity with
vg =
(ρp − ρa) · g ·D2p · Cc
18µ
(2.13)
ρp is the particle density and Cc is the Cunningham slip correction factor to correct for
the reduction in drag, when the relative velocity at the particle’s surface is non-zero
[Hinds, 1999].
The input parameters for the parametrization after Zhang et al. [2001] are: The parti-
cle density ρp, the friction velocity u∗, the Obukhov length L, the temperature T , the
wind velocity U in height z and the roughness length z0.
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These parameters can either be obtained by measurements with an ultra-sonic anemome-
ter and using covariance calculations, or by using wind measurements in different
heights, whereas the last method will be referred to as the profile method.
Covariance method 
in height 𝑧 measured parameters: 𝑢 𝑣 𝑤 𝑇s 
𝑈 =  𝑢2 + 𝑣2 
𝑈 
𝑀 =  𝑈′𝑤′ 𝐻 =  𝑇𝑠
′𝑤′ 
𝑀 𝐻 
𝑢∗ = −𝑀  
𝑢∗ 
𝑧0 = 𝑎𝑐 ∙
𝑢∗
2
𝑔
 
constants: 
𝜅 = 0.4 
𝑔 = 9.81
𝑚
𝑠2
 
𝑧0 
𝜌p = 2.45
𝑔
𝑐𝑚3
 
𝐿 = −
𝑇𝑠
𝜅𝑔
𝑢∗
3
𝐻
 
𝐿 
Parameterization after Zhang et al. (2001) 
𝒗𝑫 
𝑎𝑐 = 0.015 
Figure 2.5: Scheme of the parameters and equations used to calculate the deposition velocity
with the covariance method after the parameterizations of Zhang et al. [2001].
The method described here as covariance method uses highly time resolved 3D wind
velocity and sonic temperature measurements of the ultra-sonic anemometer. To calcu-
late covariances of the highly time resolved data, some requirements have to be fulfilled.
One is stationarity of the data. Furthermore, the surface has to be uniform and most of
the vertical transport is due to eddies. Another requirement is that the instruments are
able to measure very small eddies, which is obtained with a measurement resolution of
at least 10 to 20 Hz. All these requirements are fulfilled for the measurements carried
out within the thesis.
The sensible heat flux H and the momentum flux M , are required in the parameteri-
zations by Zhang et al. [2001] to calculate the deposition velocity. They are obtained
by calculating the covariance of T and w and the covariance of U and w, respectively.
The friction velocity u∗ is calculated from the momentum flux by [Etling, 1996]:
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u∗ =
√−M. (2.14)
Charnock’s relation is used to calculate the roughness length z0:
z0 = ac · u
2
∗
g
. (2.15)
This empirical expression with ac=0.015 can be used to determine the roughness length
over the ocean. Using Equation (2.11) and making the assumption, that θ can be
substituted with the sonic temperature Ts, the Obukhov length can be calculated. A
scheme including the used parameters and equations to compute size resolved dry depo-
sition velocities after the parametrizations of Zhang et al. [2001] is shown in Figure 2.5.
For the profile method, the horizontal wind velocity in different heights is used. To
derive the turbulent parameters u∗ and z0, the validity of the logarithmic wind profile
(Equation 2.10) is assumed:
u(z)︸︷︷︸
yi
=
u∗
κ
· ln
(
z
z0
)
=
u∗
κ
· ln(z)︸ ︷︷ ︸
b·xi
− u∗
κ
· ln(z0)︸ ︷︷ ︸
a
. (2.16)
The application of a linear regression to this equation and using the least square fit
yields an equation for term b [Taubenheim, 1969]:
b =
∑
i[(zi − z) · (ui − u)]∑
i (zi − z)2
, (2.17)
with the numerator being the covariance of the parameters z and U (SzU) and the
denominator being the variance of the parameter z (Szz).
With this approach, u∗ can be calculated as follows:
b =
Szu
Szz
=
u∗
κ
→ u∗ = κ · Szu
Szz
. (2.18)
With the information of wind velocities at only two heights, Equation (2.18) simplifies
to Equation (2.19):
u∗ = κ · u(z2)− u(z1)
ln(z2)− ln(z1) . (2.19)
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The sensible heat flux H can also be calculated following Berkowicz and Prahm [1982]
using the temperature measurements that are available at 8 and 30 m height above
ground level:
H = −ρ · cp · u∗ · κ · ∆T
∆z
, (2.20)
where κ · ∆T/∆z = θ∗ is a simplification for the characteristic temperature scale pa-
rameter θ∗, which is originally used by Berkowicz and Prahm [1982]. cp is the specific
heat capacity of air at constant pressure. Further simplifications to obtain Equation
(2.20) are the non-consideration of the atmospheric stratification and that the exchange
coefficients for the momentum and the sensible heat flux are equal.
Profile method 
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Figure 2.6: Scheme of the parameters and equations used to calculate the deposition velocity
with the profile method after the parameterizations of Zhang et al. [2001].
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z0 and L were calculated according to the Equations (2.15) and (2.11), respectively,
and used in the deposition model using the parametrizations after Zhang et al. [2001]
to obtain size resolved deposition velocities. A scheme of the used parameters and
equations to calculate the deposition velocity is shown in Figure 2.6.
2.4.4 Spectral analysis
This section shall introduce the transport and transformation of kinetic energy from
large scale to small scale structures. Turbulent kinetic energy is produced by the trans-
fer of kinetic energy from the mean flow due to molecular friction, the shearing of the
mean wind flow and buoyant forces. Kinetic energy is transferred from the mean flow
to larger turbulence elements (often called eddies), from there bumping into smaller
ones until reaching the molecular range, where the kinetic energy is converted to fric-
tional heat [Etling, 1996]. The whole process is called energy cascade and is only valid
in the range of the atmospheric turbulence spectrum [Stull, 1988]. This range extends
from the millimeter scale (inner scale or Kolmogorov scale - dissipation part) up to the
largest dimensions of the considered problem called the outer scale (e.g., the height
of the boundary layer itself - production part) with an inertial subrange in between,
where the energy transfer occurs. A scheme of the energy cascade is shown in Figure
2.7. The best way to see the energy cascade in measurements is to use mathematical
methods such as the Fast Fourier Transform (FFT).
Umean flow
Energy production <--------------------turbulent energy transfer -------------------->
HEAT
Dissipation
Figure 2.7: Scheme of an energy cascade after Etling [1996]. The kinetic energy is transferred
from the mean flow to larger eddies and from there to becoming smaller eddies
until the energy dissipates to heat.
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Using a Fourier analysis, the frequency spectrum of a time series can be obtained. In
other words, the signal is converted from the time domain into the frequency domain:
fx(t)→ Sx(ω). (2.21)
where fx(t) is the time series of parameter x and Sx(ω) is the Fourier transform of the
time series. This transformation uses the fact that every periodic signal is composed of
a series of sine functions with each function featuring its own frequency, amplitude and
phase. Concerning wind or temperature time series, Fourier analysis is used to obtain
information about the statistical character of fluctuations to gather information about
the power of a signal. From FFT a spectrum of frequencies can be determined [e.g.,
Lyons, 1997]:
Sx(ω) =
1√
2pi
∫ +∞
−∞
fx(t) · e−iωtdt. (2.22)
Data points have to be arranged in group sizes of a power of two (scanning points Ps
= 2n) in order to use the FFT. Since this number of scanning points is not necessarily
a multiple of the period of the signal, this can lead to a smearing of the signal, the
so called ’leaking effect’ [Lyons, 1997]. To avoid this, window functions as e.g., the
Hanning window are used. The signal starts at a certain point of the window onset
and ends at the same point at the end of the window. This way, the signal exhibits
periodicity and discontinuities are avoided. A scheme of the use of the Hanning window
is shown in Figure 2.8. The first plot (a) shows a sine function with different y-values
at the beginning (x=0) and at the end (x=0+∆t) of the time window. Plot (b) shows
the shape of the Hanning window which is multiplied with the sine function to obtain
the weighted sine function in plot (c). The mathematical description for the Hanning
window is:
Han(i) = 0.5 ·
(
1− cos
(
2pii
Ps
))
, i = 1, Ps. (2.23)
Another criterion that has to be fulfilled is the Nyquist criterion [Lyons, 1997]. To
avoid aliasing, the sampling frequency fs, which is the reciprocal of the time step
∆t (fs = 1/∆t) has to exceed two times the highest frequency of the spectrum, the
so-called folding or Nyquist frequency fNy [Lyons, 1997]:
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fs ≥ 2 · fNy. (2.24)
The Fourier transform can be split into its real and its imaginary part (Sx(ω) =
Rex(ω) + i · Imx(ω)). The absolute value of Sx(ω) describes the power spectrum
and can be interpreted as the portion of energy of the investigated parameter per
frequency. Multiplying Sx(ω) with the frequency results in the energy spectrum. To
convert the energy spectrum of a time series to an energy spectrum according to spatial
distributed data, Taylor’s hypothesis [e.g., Stull, 1988; Kaimal and Finnigan, 1994] is
used. It states that under certain conditions e.g., fluctuations are small compared to
the mean, turbulence can be regarded as frozen by passing a measuring sensor. Thus,
the time an eddy needs to pass the sensor can be converted into its size. Taylor’s
hypothesis can be used best in the surface layer [Kaimal and Finnigan, 1994].
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Figure 2.8: Weighting of a (a) sine function by multiplying it with a (b) Hanning window to
obtain a (c) periodicity of the signal.
One example of an energy spectrum is shown in Figure 2.9. The abscissa shows the
time and the frequency, respectively, that can be interpreted as the size of the tur-
bulence element (Taylor’s hypothesis). The ordinate represents the energy spectral
density of the horizontal wind velocity. The higher the spectral peak, the higher is
the contribution to the turbulent kinetic energy. The spectrum in Figure 2.9 can be
divided into four parts, as indicated with red Roman numerals.
Starting with section IV, the maximum portion of energy can be found for time scales
between 10 s and 10 min, which is the range of micro turbulence. From the maximum,
the energy is decreasing in direction of increasing frequency indicating the energy cas-
cade of the net energy transfer from larger turbulent elements to smaller ones until it
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dissipates. This section IV can further be separated into a production part (a), where
the energy is taken from the mean flow, an inertial subrange (b), where eddies move
due to inertial forces, and the dissipation part (c), where the smallest eddies disap-
pear under release of heat energy (Kaimal and Finnigan, 1994). Within the inertial
subrange (b) a constant transfer of the energy with increasing frequency is observed,
called Kolmogorov’s 5/3 law. This means that the energy density decreases by 5 orders
of magnitude, when the frequency increases by 3 orders of magnitude.
In section III, a low contribution of energy is found for time scales of some minutes to
several hours. This gap, which is also called spectral gap (Stull, 1988), is associated
with a lack of variation in the mean wind. The spectral gap divides the turbulent part
(section IV) from the area of larger scale meteorological phenomena (sections II and
I).
Another peak appears in section II at a cycle time of 24 hours, indicating the diurnal
cycle of the wind velocity: an increase during day, a decrease over night.
The first sector (sector I) shows another maximum after about 4 days, which is asso-
ciated with the passage of cyclones and anticyclones (Etling, 1996). In contrast to the
micro turbulence, in which eddies obtain their kinetic energy from the mean flow, the
cyclones and anticyclones (large eddies) transfer the energy to the zonal movement,
which is referred to as anti-cascade and can be found in the van der Hoven spectrum
as a decrease of energy from the maximum in section I to larger time scales or lower
frequencies, respectively (Etling, 1996).
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Figure 2.9: Energy spectrum of the horizontal wind velocity using Fast Fourier Transforma-
tion, modified after Van der Hoven [1956].
3 Measurement site
The field studies carried out in the framework of the SOPRAN project took place at
the northeast side of the island Sao Vicente (Cape Verde Islands) at 16◦51’49”N and
24◦52’02”W in the direct outflow of the Saharan desert approximately 900 km away
from the African coast. Figure 3.1 shows a map with the geographical location of
the islands. The island Sao Vicente is marked in orange. The red star shows the
location of the measurement station (Cape Verde Atmospheric Observatory - CVAO).
The CVAO is located close to the shoreline (see Fig. 3.1), so that sea salt is mostly
dominating the aerosol mass population. A 30 m high tower at the CVAO provides
space for installing instruments in different heights. At the bottom of the tower, an air
conditioned measurement container housing all microphysical instruments is placed.
The location of the CVAO causes some advantages and some disadvantages. The
positive aspects are that measurements are expected to be minimally influenced by local
anthropogenic emissions, as the wind is directly coming from the ocean and the distance
to the coast is short (100 to 200 m in NE direction). Furthermore, the prevailing wind
direction is northeast due to the northeast trade winds and no other island is situated
upstream of the wind. However, the close vicinity to the ocean also involves negative
aspects. Sea spray, which is permanently present at the Cape Verde Atmospheric
Observatory (CVAO), had to be minimized by installing the aerosol inlet at a height
of 30 m. The height of the sea spray was approximated to be around 20 m (visible
as corrosion at the tower). Infrastructure as outside air conditioners, compressors,
pumps and the housing of the containers undergo large corrosion. Interruption of
measurements because of maintenance and male functions of the power supply occurred
often in the starting phase of the CVAO. The situation improved in 2010 because of
new generators that automatically start after power cuts and voltage drops [Carpenter
et al., 2010]. But still many instrument defects occur due to high voltage fluctuations
and power cuts.
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Figure 3.1: Geographical position of the Cape Verde Islands (©OpenStreetMap and con-
tributors, CC-BY-SA). The red star shows the location of the measurement side
(CVAO) at the island Sao Vicente (orange).
3.1 Long-term meteorological investigations
The CVAO was built in 2006 and since that time, meteorological measurements carried
out by British partners (Department of Chemistry and National Centre for Atmospheric
Science, University of York) are available. Carpenter et al. [2010] published an overview
of meteorological data among others from 2006 to 2009. Wind measurements were
taken in 4, 10 and 30 m height. Temperature and relative humidity were measured
in 8 and 30 m and pressure in 4 m height. From 10-day back trajectory and footprint
calculations using the UK Meteorological Office NAME dispersion model [Ryall et al.,
2001], Carpenter et al. [2010] defined an area divided into several 5◦x5◦ boxes around
the CVAO. In this map, shown in Figure 3.2, they draw the five most abundant sectors
that influenced the CVAO as well as the four local 5◦x5◦ boxes directly around the
CVAO. The five main sectors were defined after Lawler et al. [2009] and Lee et al.
[2009] and are:
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• Coastal African - air masses pass over the northwest African coast and the Mau-
ritanian upwelling region,
• Polluted Marine (Europe) - air masses pass over Europe and the Atlantic,
• Saharan Africa (Dust) - air masses mainly pass over the Sahel and Saharan region,
• Atlantic Continental (US) - air masses pass from North America over the Atlantic,
• Atlantic Marine - air masses pass over the Atlantic without continental influence.
Figure 3.2: Map of sectors influencing the CVAO taken from back trajectory measurements
(from Carpenter et al. [2010], ©Journal of Atmospheric Chemistry).
The four local influencing sectors are named local NE, local NW, local SW and local
SE. Carpenter et al. [2010] identified the majority of air masses at the CVAO arriving
from the northeast, while air masses from southeast or southwest were hardly observed
and wind directions from the south were less frequent (about 5% ). In winter (De-
cember to February), air masses were found to come from the main sector Saharan
Africa, while in spring and summer the Coastal African and Atlantic Marine sectors
were found to be predominant. The sectors Polluted Marine and Atlantic Continental
had only a small percental contribution of aerosol transport to the CVAO [Carpenter
et al., 2010].
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Figure 3.3 shows long-term measurements of solar radiation, relative humidity, temper-
ature and wind speed from 2006 to 2009 (taken from Carpenter et al. [2010]). Except
for the wind velocity, which is variable throughout the year, annual cycles can be seen.
The maximum of solar radiation was found to occur in May/June. Highest values for
temperature and relative humidity were found in September, with minimum and max-
imum temperature values of 18.5 and 31.1◦C, respectively, and a mean for the three
years of 23.6◦C. Minimum and maximum values of the relative humidity are 51 and
93%, respectively, and the mean relative humidity was found to be 79%. The wind
velocity varied between 0 and 15.8 m·s−1 and showed mean values of 6.6±2.3 m·s−1 and
median values of 7.3 m·s−1 [Carpenter et al., 2010].
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Figure 3.3: Long-term observations of solar radiation, relative humidity, wind speed and tem-
perature at the CVAO (from Carpenter et al. [2010], ©Journal of Atmospheric
Chemistry).
3.2 Local meteorological features
Next to the microphysical measurements carried out at the CVAO, also wind velocity,
wind direction and the sonic temperature were detected for January 2009 and from
December 2011 to March 2012 using an ultra-sonic anemometer in 30 m height. The
results of these measurements shall be discussed here.
The only investigated parameter showing a daily cycle was the temperature as shown in
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Figure 3.4. It can clearly be seen that for all months the temperature is lowest around
sunrise (about 6:00 AM) and highest around sunset (about 6:00 PM). The daily cycle
for the both January months is similar, while the temperature in December is slightly
higher and in February and March slightly lower compared to January. This trend
can also be seen in Figure 3.3 with the minimum temperature for the years 2007 to
2009 measured in March. The variations of all other parameters directly or indirectly
obtained by ultra-sonic measurements (wind velocity, wind direction, friction velocity
and height of the Internal Boundary Layer (IBL)) were small and no daily cycle could
be observed. This behavior indicates stationarity at the CVAO due to the vicinity to
the ocean.
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Figure 3.4: Daily cycle of the temperature measured by an ultra-sonic anemometer in 30 m
height for January 2009 and December 2011 to March 2012.
For all 5 months, Figure 3.5 shows polar plots representing the mean horizontal wind
velocity in abundance of the wind direction. The main wind direction for all five months
is northeast. Only for the months January and March 2012, the wind was coming from
northern directions and the wind direction in January 2009 had some contributions
outside the 15 to 90◦ direction. The shallowest corridor of wind directions was observed
for February 2012 in the range between 12 and 77◦. Wind velocities exceeded 6 m·s−1
for most wind directions. Maximum mean wind velocities up to 11 m·s−1 were observed
for January 2009, and January and February 2012.
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Figure 3.5: Polar plots of the wind velocity in abundance of the wind direction for January
2009 and December 2011 to March 2012.
4 Measurements and derived
parameters
The aim of this chapter is to introduce the variety of techniques, which have been
used to target one goal: The mass deposition flux of mineral dust. The instruments
were used for microphysical, meteorological and chemical analysis. However, not all
instruments were operated by the author itself, thus data evaluations were done by
the author and other scientists. The calculations of the dust mass deposition flux as
well as the interpretation of the results were done by the author. Table 4.1 shows
an overview of the different instruments, the derivated parameters and some details
of the measurements. In the following section, the parameters measured by the first
three instruments of Table 4.1 (MPSS, APSS and H-DMA-APSS) will be described in
more detail since they were operated by the author and data evaluation needs to be
explained more extensively. The other devices will be explained less extensive in the
continuing text.
4.1 Microphysical aerosol measurements
The aerosol sampling is carried out on top of a tower in 30 m height. A PM10 inlet
(inlet flow of 16.6 l·min−1) for aerosol measurements mounted on the tower is attached
to a 30 m long stainless steel sampling pipe with an outer diameter of 3/4 inch. That
way the aerosol is lead to an automatic aerosol dryer [Tuch et al., 2009] to avoid con-
densation in the sampling pipes inside an air-conditioned container and to dry the
aerosol to a relative humidity lower than 40%. After this, the aerosol is distributed to
the different instruments. Corrections for aerosol particle transport losses by diffusion,
sedimentation and impaction in the entire sampling system were taken into account
according to correction functions given in Baron and Willeke [2001].
Aerosol particle transport losses were different for the investigated time periods (Jan-
uary 2009 and December to March 2012), since some infrastructural improvements
were carried out at the CVAO in summer 2010. In January 2009, the aerosol dryer was
placed in horizontal direction on the container ceiling. This was changed in summer
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2012 and the aerosol dryer was placed in vertical direction on the container roof.
Aerosol particle transport losses in the size range between 0.5 and 5 µm were reduced
by about 5% due to this change.
4.1.1 Particle number size distribution
Depending on the physical and chemical composition, and also depending on the forma-
tion process (e.g., gas to particle formation or mechanical suspension), aerosol particles
appear in different sizes. With the particle number size distribution, a parameter to
display the number concentration over a wide particle size range (here Dp = 10 nm
to 10µm) is measured. The shape of a particle number size distribution can be pre-
scribed by so called modes. Different particle sources show typical particle number
size distributions. The measurements observed at the CVAO with air masses from the
Atlantic Marine sector (compare with Figure 3.2 in Section 3.1) show typical marine
particle number size distributions (Figure 4.1). The modes are the Aitken mode (10 -
70 nm), the accumulation mode (70 - 400 nm) and the coarse mode (> 400 nm). The
Aitken and accumulation mode particles mainly consist of non-sea-salt sulfate (nss sul-
fate) [Fitzgerald, 1991] with a morphology similar to (NH4)2SO4 and mostly appear
double-peaked [Hoppel et al., 1990]. The particles are of continental or marine origin
and they arise from homogeneous nucleation or are formed by precursor gases like SO2
and NH3 [Wiedensohler et al., 2000]. Most interesting for this work is the coarse mode,
which is also found to be in the diameter range > 600 nm for marine aerosol particles
[Fitzgerald, 1991], and which is mainly formed from sea-salt particles [Wiedensohler et
al., 2000]. The shape of the particle number size distribution changes when air masses
arrive from the African continent. When mineral dust particles are transported to the
CVAO the coarse mode is increasing by mixing of mineral dust and sea-salt particles.
Additionally, the Aitken and accumulation mode often merge to one mode possibly
due to the transport of anthropogenic aerosol particles.
Following Equations (4.1) to (4.3), particle number size distributions can be converted
to particle surface, particle volume and with the knowledge of the particle density ρp
to particle mass size distributions:(
dS
d logDp
)
i
= pi ·D2p,i ·
(
dN
d logDp
)
i
, (4.1)
(
dV
d logDp
)
i
=
pi
6
·D3p,i ·
(
dN
d logDp
)
i
, (4.2)
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(
dM
d logDp
)
i
=
pi
6
·D2p,i ·
(
dN
d logDp
)
i
· ρp. (4.3)
Here,
(
dN
d logDp
)
i
,
(
dS
d logDp
)
i
,
(
dV
d logDp
)
i
,
(
dM
d logDp
)
i
and Dpi denote the particle number,
particle surface, particle volume and particle mass concentration as well as the diame-
ter of size channel i, respectively.
Particle number size distributions in the volume equivalent diameter1 range of 10 nm
up to 10 µm investigated within this work were measured with two instruments, the
Mobility Particle Size Spectrometer operated in scanning mode (MPSS; permanent in-
or decreasing voltage) and the Aerodynamic Particle Size Spectrometer (APSS).
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Figure 4.1: Shape of a typical measured marine particle number size distribution with Aitken
mode, accumulation mode and coarse mode.
1The volume equivalent diameter is defined as the diameter of a sphere that has the same volume as
the particle of interest [Hinds, 1999; DeCarlo et al., 2004].
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The MPSS determines the particle number size distribution in the mobility diameter2
range between 10 and 880 nm. The setup of this mobility particle size spectrometer is
described in detail in Wiedensohler et al. [2012]. Entering the instrument, the aerosol is
charged by a bipolar diffusion charger to obtain a bipolar charge distribution [Wieden-
sohler, 1988]. Afterwards, particles with a certain mobility diameter are selected in
a Differential Mobility Analyzer (DMA; type Hauke medium) [Knutson and Whitby,
1975]. The DMA works like a cylindrical capacitor and consists of an inner electrode
and an outer housing. The voltage at the electrode to build an electrical field is per-
manently increased (up scan) until the top voltage of 10.5 kV (which corresponds to
a particle size of 880 nm) and afterwards decreased (down scan) to zero again (lowest
particle size of 10 nm, respectively). The DMA was operated with an aerosol flow of
1.0 or 0.5 l·min−1, respectively, and a sheath air flow of 5 l·min−1 which surrounds the
aerosol to enable a laminar flow inside the DMA. The number concentration of parti-
cles for a selected particle size is measured by a Condensation Particle Counter (CPC;
TSI-model 3010, TSI Inc., St. Paul Minnesota, USA). Both, up and down scans are
merged to one mobility size distribution and finally converted to a particle number size
distribution by a multiple charge correction inversion routine. If the recommendations
according to Wiedensohler et al. [2012] are fulfilled (e.g., sheath air flow deviation <
2%, relative humidity < 40% inside the instrument), the uncertainty in particle con-
centration under laboratory conditions is approximately 10%.
The aerodynamic particle number size distribution is obtained by an Aerodynamic Par-
ticle Size Spectrometer (APSS; TSI-model 3321, TSI Inc., St. Paul Minnesota, USA)
in the aerodynamic diameter3 range between 0.6 and 10µm. The inlet flow of 5 l·min−1
is divided into a 1 l·min−1 aerosol and a 4 l·min−1 sheath air flow. Particles are focused
by an inner nozzle and accelerated by the sheath air in an outer nozzle. By passing
two laser beams, the time of flight of a single particle is obtained and converted to
the aerodynamic diameter of the particle. There is a measurement uncertainty of the
APSS due to the counting principle of the system, which yields a maximum uncertainty
in counting of 15% [Volckens and Peters, 2005].
Both particle size spectrometers measure particle number size distributions for different
particle diameter definition in different sizes ranges. To combine the mobility and the
2The mobility diameter is defined as the diameter of an electrically charged sphere that experiences
the same settling velocity in a constant electrical field as the particle of interest [Hinds, 1999].
3The aerodynamic diameter is defined as the diameter of a sphere with a standard density of 1 g·cm−3
that has the same settling velocity as the particle of interest [Hinds, 1999].
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aerodynamic particle number size distribution, the particle density and the dynamic
shape factor (mineral dust or pure sea salt) have to be known, either from literature
or from own measurements. With this information, the aerodynamic and mobility di-
ameters were converted to volume equivalent diameters following Equations (4.4) and
(4.5) [DeCarlo et al., 2004]:
Dpve = Dpaero ·
√
χ · ρ0
ρp
· Cc,aero
Cc,ve
, (4.4)
Dpve =
DpZp
χ
· Cc,ve
Cc,Zp
, (4.5)
with Dpve, Dpaero and DpZp being the volume equivalent, the aerodynamic and the
mobility diameter, respectively. χ is the aerodynamic shape factor, ρp is the particle
density and ρ0 is the standard density (1 g·cm−3). The Cunningham slip correction
factors Cc,ve, Cc,aero and Cc,Zp to correct for the reduction in drag, when the relative
velocity at the particle’s surface is nonzero [Hinds, 1999], are also included. The value
of χ = 1.17 was taken from hygroscopicity measurements (explained later in this sec-
tion) and showed the best matching between both distributions. During the SAharan
Mineral dUst experiMent (SAMUM), which was conducted in Morocco in 2006, a par-
ticle density of ρp = 2.45 g·cm−3 for mineral dust particles was obtained by scanning
electron microscopy [Kandler et al., 2009]. Using these values, the largest measured
mobility diameter is equal to a volume equivalent diameter of 733 nm and the smallest
used aerodynamic diameter of 723 nm corresponds to a volume equivalent diameter
of about 538 nm. Therefore, a couple of overlapping particle diameters from 538 to
733 nm (volume equivalent) of both number size distributions exists. Before both par-
ticle number distributions were merged, the mobility particle number size distribution
was inverted by multiple charge corrections, considering the aerodynamic particle num-
ber size distribution.
4.1.2 Number fractions of mineral dust
As was indicated in the previous paragraph, the coarse mode of the measured particle
number size distribution at the CVAO consists of mineral dust and sea salt particles.
In order to divide both particle types from each other, hygroscopicity measurements
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using the Hygroscopicity Differential Mobility Analyzer Aerodynamic Particle Size
Spectrometer (H-DMA-APSS) [Leinert and Wiedensohler, 2008] were performed.
Measured parameters of the H-DMA-APSS are the hygroscopic growth factor at 90%
RH and the number fraction of hydrophobic and hygroscopic particles. The measuring
principle is as follows: first, particles are selected according to their electrical mobility.
Here, a specially designed DMA (length = 750 mm; inner diameter = 72 mm; outer
diameter = 80 mm) with an aerosol flow rate of 1 or 2 l·min−1 and a sheath air flow
rate of 10 or 20 l·min−1 is used to select particles with mobility diameters of 600, 800,
1000 and 1200 nm. It is essential that particles are dried below 30% RH before they
enter the DMA to ensure that they are below the efflorescence point of the most solu-
ble materials such as sodium chloride. Afterwards, the aerosol is either humidified to
approximately 90% RH or kept at dry state (RH < 30%). Finally, the aerodynamic
particle number size distribution of the dry and humidified particles is measured with
an APSS.
Calibration scans with ammonium sulfate were performed regularly. Since the growth
factor (size to which a dry particle growths due to the uptake of water) is known, the
relative humidity to which the aerosol particles were exposed to could be recalculated.
Furthermore, PolyStyrene Latex (PSL) scans were taken to check the sizing accuracy
of the APSS.
For this work, the measured humidified particle number size distribution (see exem-
plarily Figure 4.2) was averaged to 6 hours to obtain better counting statistics, which
leads to a less noisy shape of the distribution. Generally, two modes were observed.
The first mode is attributed to less growing mineral dust particles, the second one to
more growing sea salt particles. A log-normal fit procedure was performed to obtain
the particle number concentration in the respective mode. In Figure 4.2, this procedure
is illustrated. A log-normal mode was assigned to each mode with the function
(
dN
d logDp
)
fit,i
= Fm,0 · exp
[
−1
2
·
(
log(Dp,i)− log(Dg0)
log(σg)
)]2
. (4.6)
Here,
(
dN
d logDp
)
fit,i
is the fitted particle number concentration of the size channel i, Dg0
is the geometric mean diameter4, Fm0 is the function height (particle number concen-
tration at Dg0), and σg is the dimensionless width of the fitted mode. With Equation
(4.7), the number concentration N beneath each mode can be calculated:
4The geometric mean diameter is defined for logarithmic equidistant diameter bins ’as the Nth root
of the product of N diameter values’ [Hinds, 1999].
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N = Fm,0 ·
√
2pi · σg. (4.7)
This idealized two-mode humidified aerodynamic particle number size distribution was
not found that way in the measurements. Sometimes, also particles were found between
the mineral dust and the sea salt mode, which are probably mineral dust particles mixed
with sulfate. Similar results were found by to Kandler et al. [2011], who investigated
mineral composition of aerosol particles at Praia, Cape Verde Islands. Additionally,
the sea salt mode was overlaid by doubly charged mineral dust particles, which were
also considered in the fit routine by assigning an extra mode for those particles.
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Figure 4.2: Schematic figure illustrating the fit procedure for mineral dust and sea salt par-
ticles with a log-normal fit. With the fit parameters (geometric mean diameter,
function height and sigma) the particle number concentration beneath each mode
can be calculated.
By dividing the number concentration of mineral dust particles Nmd through the total
number concentration (mineral dust and sea salt Nmd+Nss), the number fraction of
mineral dust nfmd was obtained.
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nfmd =
Nmd
Nmd +Nss
. (4.8)
There is no information about the number fraction of mineral dust of particles larger
than 1000 (for January 2009) or 1200 nm (for December 2011 to March 2012), re-
spectively, and therefore the number fraction of mineral dust particles of the largest
selected mobility diameter was assumed also for particles larger than 1000 or 1200 nm,
respectively (nfmd(1200 nm) = nfmd(1500 nm) = nfmd(2000 nm) etc.).
The uncertainty of the number fraction of mineral dust was estimated by comparing
number fractions of mineral dust that were averaged differently. Firstly, the 6 hour
averages of the humidified particle number size distribution were taken to fit the num-
ber fractions. Secondly, the original data (about one humidified particle number size
distribution in one hour) were taken to fit the number fractions, which were then aver-
aged to 6 hour means. The largest deviation between both methods for a total of three
month of measurements was found to be 15%, which is taken as the uncertainty of the
number fraction.
In the following, the volume equivalent instead of the mobility diameter will be used.
By combining Equations (4.4) and (4.4), the shape factor of each measured particle
size can be calculated since the selected mobility and the measured aerodynamic diam-
eter are known and a particle density of 2.45 g·cm−3 is assumed for mineral dust. The
calculated shape factors for mineral dust are 1.09, 1.20, 1.26 and 1.34 for the mobility
diameters of 600, 800, 1000 and 1200 nm, respectively. Thus, the obtained volume
equivalent diameters are 550, 655, 775 and 895 nm, respectively. The values of the
shape factor of mineral dust are somewhat above the ones measured within SAMUM
in Morocco 2006 with 1.11, 1.19 and 1.25 for the mobility diameters of 800, 1000 and
1200 nm, respectively [Kaaden et al., 2009].
4.2 Deposition velocity
Deposition velocities were calculated after a parametrization of Zhang et al. [2001]. The
input parameters for this parametrization are the friction velocity u∗, the Obukhov
length L, the temperature T , the horizontal wind velocity U in height z and the
roughness length z0, obtained by measurements of the wind velocity. Furthermore,
the particle density ρp is used. This model to obtain the deposition velocities can
either be used with the input of a set of diameters (e.g., from particle number size
distributions) to obtain size-resolved deposition velocities, or with the input of a single
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diameter (representing a mean diameter of a particle number size distribution) to
obtain a representative deposition velocity for a particle population. In the following,
two methods are presented, the covariance and the profile method, which theory was
introduced in Section 2.4.3. Both methods will be compared and used for calculating
deposition velocities.
4.2.1 Deposition velocity using the covariance method - vd,cm
Highly time-resolved (smaller than 10 Hz) wind speeds in all three directions to obtain
the vertical w and horizontal wind velocity U , as well as the sonic temperature Ts were
measured with an ultra-sonic anemometer.
Ultra-sonic measurements are based on the measurement of the sound speed between
two points. The anemometer consists of 3 sensor pairs, each two sensors of a pair
facing each other and acting alternately as sensor and receiver to establish a measuring
path. The measurement paths are inclined towards the vertical in an angle of 45◦
and towards each other in an angle of 120◦ against in the horizontal. The run time
of the sound waves depend on the relative direction to the wind; the sound is faster
within wind direction and slower against wind direction. Since the measuring paths
are aligned in linear independent direction, measurements of the three components of
the wind velocity are possible. The wind speed can be calculated with the run time
measurement of the sound in the forward and backward direction and subtracting one
from the other. By adding the run times in the forward and backward direction, the
sonic temperature Ts can be obtained. Since the sound depends on the density and
therefore on the humidity of the air, the measured temperature is a virtual temperature5
rather than the dry measured temperature.
For the January 2009 study, an ultra-sonic anemometer (Gill Instruments Limited,
Lymington, Hampshire, UK) was installed 30 m above ground to obtain the 3-D wind
velocity and direction. Since December 2011, another ultra-sonic anemometer (Metek,
Elmshorn, Germany) has been installed on the tower for continuous measurements of
wind speed and wind direction. The Gill and the Metek ultra-sonic anemometer were
each mounted on the northeast side on top of the tower. The Gill instrument operated
with a time resolution of 10 Hz that was averaged to 2 Hz (due to lacks in the time
series), the Metek instrument with a time resolution of 20 Hz. A planar fit coordinate
rotation was applied to turn the horizontal wind component in the streamline direction.
By calculating the covariance of the horizontal and the vertical wind velocity as well as
5The virtual temperature is defined as the temperature an air parcel would attain if it would be
replaced by a dry air parcel with the same pressure and the same sound velocity.
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the covariance of the sonic temperature and the vertical wind velocity, the momentum
flux M and the sensible heat flux H were obtained and averaged for 30 min periods:
M = U ′w′ , (4.9)
H = T ′sw
′ . (4.10)
Equations (4.9) and (4.10) are the basis to calculate the turbulence parameters as
described in Section 2.4.3 used for the parameterization after Zhang et al. [2001].
4.2.2 Deposition velocity using the profile method - vd,pm
Data of wind speed, temperature and relative humidity to calculate turbulence param-
eters with the profile method were provided by Katie Read (personal communication).
With the profile method, the development of the logarithmic wind profile in the first
100 m of the atmosphere is used. Some assumptions have to be made (see Section 2.4.2)
to calculate turbulence parameters with the lower time resolved measurements of 2-D
anemometers compared to the ultra-sonic anemometer. The turbulence parameters
together with the set of particle diameters from the particle number size distribution
are again entered into a model using the parameterizations after Zhang et al. [2001].
2-D wind velocity and wind direction at 10 m height were measured with a vane
anemometer (Model 05103, RM Young Wind Monitor, Traverse City, Michigan, USA).
The instrument is installed on a smaller tower on top of a second container next to the
tower. A cup anemometer (BWS200, Campbell Scientific) is installed on top of the big
tower at 30 m height. For all 2-D anemometers, the meteorological data are available
with one minute time resolution. Temperature and relative humidity data from 8 m
and 30 m were measured using a CS215 probe (Campbell Scientific, Shepshed, Lough-
borough, UK).
The difference, which is taken as the uncertainty, of both methods is 29% obtained
from the direct comparison between the methods and will be shown in Section 6.1.3.
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4.3 Particle mass concentration
4.3.1 Mass concentration from microphysical measurements - Mmp
In the following, particle sizes refer to the volume equivalent particle diameter if not
mentioned different.
Particle mass size distributions of mineral dust were derived from the particle number
size distribution and the number fraction of mineral dust. Particle number size dis-
tributions were converted into particle mass size distributions by using Equation (4.3)
with a particle density of mineral dust of 2.45 g·cm−3 [Kandler et al., 2009].
The particle mass size distribution of mineral dust
(
dM
d logDp
)
md,i
was obtained by mul-
tiplying the particle mass size distribution of the total aerosol population
(
dM
d logDp
)
i
with the number fraction (which is identical with the mass fraction) of mineral dust
(nfmd,i), see Equation (4.11). This was done for the volume equivalent particle di-
ameters of the number fractions. Since only four sizes were investigated for number
fraction calculation, the number fraction of the largest size was assumed to be constant
also for larger sizes. (
dM
d logDp
)
md,i
=
(
dM
d logDp
)
i
· nfmd,i . (4.11)
For the January 2009 data, a log-normal distribution was fitted to the single points
of the particle mass size distribution of mineral dust (see Figure 4.3). This method
sometimes led to an overestimation of the fit function for mass concentrations for the
largest sizes (8 to 10 µm). Therefore, another method for the December 2011 to March
2012 data was applied. The number fraction of mineral dust was calculated for the
volume equivalent diameters of 550, 655, 775 and 895 nm, respectively (see above).
Thus, in the following they will be referred to as nf550, nf655 etc. Until a particle
diameter of 500 nm, the number fraction nfi in Equation (4.11) was set to zero due to
a lack of information of number fractions in this size range. Furthermore, the smallest
mineral dust particles found in the atmosphere have diameters of about 200 nm [Kaaden
et al., 2009; Kandler et al., 2009]. Mineral dust particles in the size range of 200 to
500 nm however do not significantly contribute much to the total mass concentration
of mineral dust. For the size ranges between 500 and 580 nm, 600 and 670 nm, and
700 and 825 nm (volume equivalent diameters of the particle mass size distribution),
the number fractions nf550, nf655, and nf775 were applied, respectively. For diameters
larger than 825 nm up to 5µm the number fraction nf895 was taken. Particles larger
than 5µm were not considered in the subsequent evaluation. This diameter was taken
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as upper diameter because of the growing uncertainty of the number fraction for this
and larger diameters. Additionally, the particle number size distribution for the size
range larger than 5µm becomes uncertain because of low sampling statistics.
The sum over the whole size range gives the total mass concentration of mineral dust
for the microphysical approach (Mmp):
Mmp =
N∑
i=1
(
dM
d logDp
)
md,i
· d logDp. (4.12)
The uncertainty of this method is the sum of the uncertainties of the mobility and
aerodynamic particle number size distributions, the number fraction of mineral dust
and the particle density. As described previously, the uncertainty of the particle number
size distribution can be estimated to be about 15%, which is the uncertainty of the
APSS. The uncertainty of the number fraction of mineral dust is 15% and the same
value was found for the particle density [Kaaden et al., 2009]. With error propagation
the total uncertainty results to 26%.
4.3.2 Mass concentration from optical measurements - Mop
Spectral particle absorption coefficients were measured by a Spectral Optical Absorp-
tion Photometer (SOAP) [Mu¨ller et al., 2011]. Data from these measurements were
provided by Thomas Mu¨ller (personal communication). The SOAP covers the wave-
length range from 300 to 950 nm with a resolution of 50 nm. The detection limit of
absorption coefficients is 0.25 Mm−1 for wavelengths larger than 450 nm and 0.5 Mm−1
for smaller wavelengths. The instrumental uncertainties are about 15% for measuring
the absorption coefficient. An additional uncertainty because of a cross sensitivity to
particle scattering cannot be determined since the scattering coefficient was not mea-
sured. For similar conditions during the SAMUM campaign in January 2008 based
at Praia, Cape Verde Islands [Mu¨ller et al., 2011] with scattering coefficients being
twenty times higher than absorption coefficients, a total uncertainty of about 55% was
estimated.
It is assumed that mineral dust and soot are the only light absorbing particles in the
Cape Verde region, and that the measured absorption spectra are a linear superposi-
tion of mineral dust and soot particle absorption. Then, the particle light absorption
coefficient is given by
σabs(λ) = Msoot ·MACsoot(λ) +Mmd ·MACmd(λ), (4.13)
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respectively, has the same value as the number fraction of mineral dust for 775
or 895 nm, respectively. Additionally, a log normal fit (red line) through the
black spheres is shown which yields the particle mass size distribution of mineral
dust.
where MACs are the Mass Absorption Coefficients of the absorbers and Msoot and
Mmd are the mass concentration of soot and mineral dust, respectively. The spectral
behavior of the mass absorption coefficients of soot is generally proportional to the λ−1
[Kirchstetter et al., 2004]. In contrast, the mass specific absorption coefficient of min-
eral dust cannot be parameterized by an exponential law. During the SAMUM-1 cam-
paign, spectral absorption coefficients were measured by the SOAP [Mu¨ller et al., 2009]
and mass concentrations were estimated from MPSS and APSS measurements [Schla-
ditz et al., 2009]. For a period with high mass concentrations of mineral dust, average
mass absorption coefficients were determined to be MACmd(450nm)=0.114 m
2·g−1 and
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MACmd(650nm)=0.0198 m
2·g−1. Considering the spectral run of the mass absorption
coefficients of soot and mineral dust, the mass concentration of mineral dust (Mop) can
be calculated from measured absorption coefficients at the wavelength 450 and 650 nm
by
Mmd =
σ(450nm)− σ(650nm) · 650
450
MACmd(450nm)−MACmd(650nm) · 650450
. (4.14)
Mass absorption coefficients, and thus derived particle mass concentrations, depend on
the relative abundance of iron, which is the main absorbing species in mineral dust.
The results shown here are referenced to mineral dust with a relative iron abundance of
1% weight, which was determined during the SAMUM campaign in Morocco [Kandler
et al., 2009].
4.3.3 Mass concentration from gravitational weighting - Mgr
With a low-pressure impactor (Type Berner-5-stage; Hauke, Gmunden, Austria), PM10
particle mass size distributions for chemical analysis were determined. The aerosol par-
ticles are forced to enter the Berner impactor due to a vacuum induced flow of 75 l·min−1
[Mu¨ller et al., 2010] downstream of a PM10 inlet. The Berner impactor stages have
the following aerodynamic size cutoffs: stage 1: 0.05-0.14 µm, stage 2: 0.14-0.42µm,
stage 3: 0.42-1.2 µm, stage 4: 1.2-3.5 µm, stage 5: 3.5-10 µm. Pre-heated (2 h at 350◦C)
aluminum foils and Nuclepore polycarbonate foils were used as substrate for the Berner
impactor. The polycarbonate foils were placed on the aluminum foils on each impactor
stage and were used for the determination of trace metals, while the aluminum foils
were used for ion determination.
The foils were stored in a refrigerator and transportation was done using cryogenic
boxes below -10◦C to avoid chemical processing of organic material. The PM10 mass
concentration was determined gravimetrically according to the methods described in
Mu¨ller et al. [2010] by weighing the aluminum foils before and after sampling. An
UMT-2 microbalance (Mettler-Toledo, Switzerland) with a reading precision of 0.1µg
and a standard deviation of about 1% was used. Before weighing, the foils were equili-
brated for 48 h at constant temperature (20 ± 2◦C) and relative humidity (52 ± 5%).
The analysis of the Berner impactor samples provides information about the PM10
mass concentrations of sea salt and non-sea salt ions, elemental and organic carbon.
Data from Berner impactor measurements were provided by Konrad Mu¨ller and Khan-
neh Wadinga Fomba (personal communication). Mass concentrations of mineral dust
were estimated from the difference of total mass (mtot) and sea salt ion mass (mss).
Additionally, it was assumed that 10-15% of the total mass was water (0.15·mtot),
46 4 Measurements and derived parameters
which was calculated for laboratory conditions (T=25◦C and RH=50%). Thus, the
mass concentration of mineral dust using active sampling (Mgr) was calculated by:
Mgr = mtot −mss − 0.15 ·mtot. (4.15)
4.4 Mass deposition flux
Particle deposition fluxes F are calculated by multiplying the particle mass concentra-
tion M and the deposition velocity vd:
F = −vd ·M. (4.16)
The negative sign in this equation indicates a downward directed deposition flux.
Sections 4.3 and 4.2 introduced different methods to obtain mass concentrations of
mineral dust and deposition velocities. Some of these methods are combined to obtain
mass deposition fluxes using Equation (4.16).
4.4.1 Mass deposition flux obtained by the covariance -
microphysical method - Fcm,mp
The multiplication of the deposition velocity obtained by the covariance method vd,cm
and the mass concentration of mineral dust obtained by microphysical measurements
Mmp leads to a total mass deposition flux of the covariance - microphysical method
Fcm,mp as shown in Equation (4.17).
Fcm,mp =
N∑
i=1
(−vd,cm(Dp,i) ·Mmp(Dp,i)). (4.17)
Here, i is the number of size channels. Error propagation of the errors for vd,cm (29%)
and Mmp (26%) yield a total error of 39% for Fcm,mp.
4.4.2 Mass concentrations obtained by the profile - microphysical
method - Fpm,mp
The multiplication of the deposition velocity obtained by the profile method vd,pm and
the mass concentration of mineral dust obtained by microphysical measurements Mmp
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leads to a total mass deposition flux of the profile-microphyisical method Fpm,mp as
shown in Equation (4.18).
Fpm,mp =
N∑
i=1
(−vd,pm(Dp,i) ·Mmp(Dp,i)). (4.18)
Here, i is the number of size channels. Error propagation of the errors for vd,pm (29%)
and Mmp (26%) yield a total error of 39% for Fpm,mp.
4.4.3 Mass deposition flux obtained by the covariance - optical
method - Fcm,op
The multiplication of the deposition velocity obtained by the covariance method vd,cm
and the particle mass concentration of mineral dust obtained by optical measurements
Mop leads to a total mass deposition flux of the covariance optical method Fcm,op as
shown in Equation (4.19).
Fcm,op = −vd,cm(Dp,w) ·Mop. (4.19)
with Dp,w being a mass-size-weighted particle diameter to represent the whole aerosol
population. This particle diameter needs to be introduced since optical measurements
provide particle mass concentrations of mineral dust for the whole aerosol population
rather than size-resolved particle mass concentrations. The chosen diameter does not
result from an independent method, but is derived from the covariance microphysical
method. A mass-size-weighted deposition velocity was derived from the covariance
microphysical method by dividing the total mass deposition flux (Fcm,mp) by the total
mass concentration of mineral dust (Mmp). This yields an average mass-size-weighted
deposition velocity of 0.8 mm·s−1 for January 2009 with a variance of 0.13 mm·s−1. The
diameter to calculate a deposition velocity that comes closest to 0.8 mm·s−1 is 2.5 µm
(vd = 0.83 mm·s−1). Regarding the cumulated particle mass size distribution of mineral
dust, 85% of the total mass was reached at this diameter. In the following, this diameter
is referred to as the 85% mass-weighted diameter. Regarding the mass mean diameter
of the mass distribution of mineral dust, which is found at Dp=1.5 µm (compare to
Figure 6.5 in Section 6.1.3), a deposition velocity of 0.58 mm·s−1 is obtained. This
deposition velocity varies more than the variance of the mass-size-weighted particle
diameter to the 85% mass-weighted diameter. The corresponding mass deposition
fluxes of mineral dust to the two different deposition velocities differ by about 30%,
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with the deposition flux obtained with the 85% mass-weighted diameter being larger.
Following theses investigation, the 85% mass-weighted diameter is used for calculating
the mass deposition flux of mineral dust for the covariance - optical method.
Error propagation of the errors for vd,cm (29%) and Mop (55%) yield a total error of
62% for Fcm,op.
4.4.4 Mass deposition flux from passive sampling and scanning
electron microscopy - FSEM
For January 2009, a Sigma-2 passive sampler [VDI , 2007] was installed at the tower.
The sampler was fixed at the northwest side, sufficiently far away from the tower frame-
work to minimize sampling artifacts. For collecting particles, a glassy carbon substrate
was chosen due to its extraordinary smooth surface allowing for a clear image-analytical
separation of particles and background [Ebert et al., 1997]. However, as the substrate
is not sticky, a fraction of the particles might be re-entrained into the atmosphere dur-
ing heavy gusts, thus the Sigma-2 sampler minimizes the interior flow velocity. As a
result, the mass deposition rates might be underestimated by this method and serve
as a minimum estimate.
The exposition time was one week for a period of four weeks in total. Sample han-
dling was performed by the author in a dry, clean place. The particles on the glassy
carbon substrates were analyzed by scanning electron microscopy with coupled energy-
dispersive X-ray microanalysis [Kandler et al., 2009], which was done by Konrad Kan-
dler (personal communication). As the analyses are performed under vacuum condi-
tions, the determined quantity is the dry deposited particle mass. For each particle,
a secondary electron image and the elemental composition was recorded. From the
particle cross section, the particle diameter (projected area diameter6) was inferred.
Assuming a flat orientation on the substrate, the height of the particles was set to
the value of the shorter axis of the two-dimensional ellipse fitting the particle outline.
From the area covered by the particle and the height, the volume was estimated. The
elemental composition information was used to assign each particle an according mate-
rial density, which was used to calculate its mass. The mass of the individual particles
sampled on the glassy carbon substrates was summed up for all particle sizes, particles
smaller than 10 µm projected area diameter, mineral dust particles, and mineral dust
particles smaller than 10µm (mmd<10). The information on mineral dust masses for
particles smaller than 10µm diameter is used for comparison with the PM10 particle
6The projected area diameter is defined as the diameter of a circle that has the same projected area
as the silhouette of the particle of interest [Hinds, 1999].
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mass concentration measurements. Knowing the sampled mass of mineral dust mmd<10,
the area of analysis A and the sampling time t, a deposition rate was calculated by:
FSEM =
mmd<10
A · t . (4.20)
The largest error of this method derives from an unknown aspiration and deposition
efficiency of the sampling device for higher wind speeds. While the sampler is known
to collect particle mass with an error of 20% with respect to reference methods at
lower wind speeds [Dietze et al., 2006], a lower collection efficiency may occur at higher
wind speeds due to particle re-entrainment from the substrate, turbulent deposition
and interception at the inlet and the inner walls.
A second major source of uncertainty is the estimation of the particle volume from two-
dimensional projection of particles geometry. If the particles are plate-like, this may
lead to an overestimation of the particle mass concentrations by this method. Unfor-
tunately, there is no thorough information available on the three-dimensional particle
shape of Saharan mineral dust [Dubovik et al., 2006], which would allow estimating
the uncertainty.
Minor sources of uncertainty are the particle cross section determination from the
backscatter electron image (applied lateral resolution of 75 nm). The separation of the
particles into mineral dust and sea salt based on the chemical information has a very
low uncertainty, as these particle types have a largely different elemental composition.
Finally, a minor source of uncertainty derives from the counting statistics. As each
sample comprises at least 700 particles, the relative error is less than 4%.
From this consideration, an overall uncertainty of 50% in total mass concentration and
30% for the concentration of particles smaller than 10 µm projected area diameter is
estimated.

5 Model description
This chapter aims to give a short overview of the regional model system used to obtain
mass concentrations and mass deposition fluxes of mineral dust that are compared to
measurements. The regional model system used in this study is a combination of the op-
erational forecast model ’COnsortium for Small-scale MOdeling’ (COSMO) [Steppeler
et al., 2003; Doms et al., 2005] of the German weather service (Deutscher WetterDienst;
DWD) and the chemistry-transport model ’MUltiScale Chemistry Aerosol Transport’
(MUSCAT) [Wolke et al., 2004]. The three-dimensional (3D) simulation data of dust
emission, transport, and deposition were provided by Bernd Heinold/Leibniz Institute
for TROPOSpheric Research Leipzig (TROPOS). Since the performance of model runs
is not part of this work, here, the description of the two independent models and their
coupling including a dust emission scheme will be roughly described. A more detailed
description of the model is given in Heinold et al. [2007, 2011].
5.1 The regional model system COSMO-MUSCAT
The COSMO model is the regional part of the modeling system of the DWD and is
nested into the larger model called ’Global Model Earth’ (GME). The latter one is
used for forecasting the whole globe. The model computes the non-hydrostatic prim-
itive equations of atmospheric motion using rotated geographical coordinates and a
pressure-based, terrain-following vertical coordinate. Physical parametrizations are
employed to describe sub-grid scale processes such as turbulence, radiative transfer,
cloud microphysics, moist convection, vegetation and soil processes [Steppeler et al.,
2003; Doms et al., 2005]. The COSMO radiation scheme was modified to allow for the
on-line feedback of modeled dust on the computation of solar and thermal radiation
fluxes [Helmert et al., 2007].
MUSCAT is a 3D model to compute chemical and microphysical transformation of
gaseous and particulate species and their transport [Renner and Wolke, 2010]. For
this study, however, a simplified aerosol treatment has been chosen, which only in-
cludes transport processes like advection, turbulent diffusion, dry and wet deposition,
and sedimentation. The microphysical processes and chemical reactions are described
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based on time-dependent mass balance equations.
An implicit-explicit scheme (IMEX) is used for time integration [Knoth and Wolke,
1998; Wolke and Knoth, 2000]. The explicit scheme herein uses second order Runge-
Kutta methods to calculate the horizontal advection. The implicit scheme is used for
the integration of stiff1 chemistry and vertical transport processes like e.g., turbulent
diffusion and advection. Additionally, an emission and deposition scheme is included,
the first one to distinguish between several emitting groups [Wolke et al., 2004], e.g.,
biogenic and anthropogenic emission as well as emission of primary aerosol.
Figure 5.1: Coupling scheme of the regional chemistry-transport model system COSMO-
MUSCAT including a dust emission scheme, modified after Heinold [2008].
Both, COSMO and MUSCAT, use different time steps. To combine both models,
horizontal winds of COSMO are time-averaged to compute the horizontal fluxes in
MUSCAT and meteorological fields (e.g., wind speed and temperature) are interpolated
for use in the implicit scheme of MUSCAT [Wolke et al., 2004]. The equidistant
meteorological grid is averaged or interpolated into the grid sizes of MUSCAT [Wolke
et al., 2004]. The coupling scheme (Figure 5.1) between COSMO and MUSCAT [Lieber
and Wolke, 2008] simultaneously provides actual properties of the atmosphere [Renner
and Wolke, 2010].
1A stiff system in chemistry means that the lifetime of a species is many orders of magnitude smaller
than that of other species, resulting stiffnesses are up to 1010 [Wolke et al., 2004]
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A dust emission scheme following Tegen et al. [2002] is implemented using results from
Marticorena et al. [1995], which takes into account surface properties such as vegetation,
surface roughness, soil texture as well as the location of potential mineral dust sources
derived from Meteosat Second Generation (MSG) satellite observations [Schepanski
et al., 2007]. Dust emission is computed in dry, sparsely or non-vegetated regions,
when the surface wind friction velocity exceeds a certain threshold, which depends on
surface properties such as soil texture, soil moisture, surface crusting, and the presence
of roughness elements [Marticorena et al., 1995]. COSMO first-layer winds and surface
roughness for northern Africa [Laurent et al., 2008] are used to calculate the friction
velocity applying the logarithmic wind law for neutral atmospheric conditions. The soil
particle size distribution is derived from soil texture data [Zobler, 1986], containing four
particle size modes, which are defined according to Tegen et al. [2002] as: clay, silt,
medium/fine sand and coarse sand with mode diameters between 2µm and 710 µm. To
mobilize mineral dust, a size dependent vertical dust flux Fv is computed by [Heinold
et al., 2007]:
Fv = α
ρa
g
· u3∗
∑
i
[(
1 +
u∗,t(Dp,i)
u∗
)(
1− u
2
∗,t(Dp,i)
u2∗
)
·∆si
]
× Aeff · Iθ, (5.1)
containing the air density ρa, the gravitational constant g, a threshold friction velocity
u∗,t taken from Marticorena et al. [1995] at a particle diameter of size fraction i, Dpi ,
a saltation efficiency α taken from wind tunnel experiments [Marticorena et al., 1997;
Tegen et al., 2002], the relative surface area covered by a size fraction ∆si, the erodible
area Aeff and soil moisture properties Iθ.
The model-predicted mineral dust is transported as passive tracer in five independent
particle size classes between 0.2 and 50µm diameter assuming spherical particles and a
log-normal size distribution for each size bin. For this study, the first three particle size
classes up to a diameter of 5.2µm were used for comparison with measurements. The
mineral dust particles are removed from the atmosphere by dry and wet deposition.
The parametrization of dry deposition follows Seinfeld and Pandis [2006] and Zhang
et al. [2001] (see Section 2.4.3 for details). Wet deposition by rain-out and wash-out is
parametrized following Berge [1997] and Jakobson et al. [1997].
5.2 Model setup
For the Saharan dust simulations, a horizontal grid resolution of 28 km is used. COSMO-
MUSCAT is operated with 40 layers of a pressure-based, terrain-following vertical coor-
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dinate with the first layer centered around 34 m above surface. The model domain spans
from the southwest corner at 0.2◦N/32.3◦W to the northeast corner at 41.1◦N/32.9◦E
and covers major parts of the Saharan desert and the eastern Tropical Atlantic Ocean
(see Figure 5.2).
CAPE VERDE
Figure 5.2: Model domain for dust emission, transport and deposition within the SOPRAN
project, modified after Heinold [2008].
The regional model was run for two time periods: January 2009 and December 2011 to
March 2012. Initialization and large-scale meteorological forcing of the regional model
are based on 6-hour analysis fields from the global model GME of the DWD [Majewski
et al., 2002]. The simulations were carried out in cycles with a re-initialization every
48 hours in order to keep the meteorology of the regional model close to the analysis
data.
6 Results
6.1 Comparing different methods to determine mass
deposition fluxes of mineral dust for January 2009
In chapter 4, different methods were introduced how to obtain mass concentrations of
mineral dust and deposition velocities to further calculate the mass deposition flux of
mineral dust. Those measurements were first carried out in January 2009 and published
by Niedermeier et al. [2014]. The goal of this section is to compare the different methods
to each other and find the weaknesses of each method. In this section, the results will
be discussed in conjunction with the output of the regional chemistry-transport model.
6.1.1 Synoptical situation for dust mobilization
Three dust events were observed within the 20 days of observation, lasting from Day
Of Year (DOY) 12 - 16, 21 - 27, and 29 - 32 (compare to Section 6.1.4). Figures 6.1
to 6.3 show composites of the meteorological situations of the three dust periods. The
wind is indicated as vector for wind velocities larger than 1 m·s−1 and the dark gray
lines present the geopotential height, both at the 925 hPa level. Furthermore, dust
source activation frequencies1 [Schepanski et al., 2007] are shown and the CVAO is
indicated with a red point. 10-day back trajectories ending at the CVAO showed the
same pathway as can be seen from the wind vector, so they are not shown additionally.
The synoptic situation during the first mineral dust phase was characterized by an up-
per cut-off low over the southern Iberian Peninsula and northern Morocco. At sea-level
(Figure 6.1), a region of low pressure occurred over Tunisia and a smaller low pressure
zone emerged across central Algeria most likely due to lee effects at the Atlas moun-
tain chain. Strong surface winds related to a low-level cold front mobilized mineral
dust in Algeria. Further dust mobilization took place over northern Mali and Maurita-
nia, as can be seen from the dust source activation frequency in Figure 6.1. The frontal
1Dust source activation frequencies show the main source areas of dust emission obtained from
satellite observations.
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Figure 6.1: Composite of the wind vector for wind velocities larger than 1 m·s−1 (black ar-
rows), the geopotential height (dark gray lines) and the dust source activation
frequency (colored area) for the event from DOY 12-16, 2009. The red point
indicates the location of the Cape Verde Atmospheric Observatory.
winds together with the north-easterly trade winds subsequently transported the min-
eral dust from the western coast of Africa towards the Cape Verde Islands.
Different meteorological conditions led to strong mineral dust emissions during the sec-
ond event (Figure 6.2). On DOY 21 and 22, the extensions of the Azores High moved
south-eastwards and reached the West African coast. To the east an upper level trough
(not shown in the Figure) spread from the mid-latitudes to northwestern Africa, and
an associated winter cyclone formed with the extensions reaching northeast Africa.
The related strong frontal winds caused mineral dust emissions over northeastern Al-
geria and western Libya. During the second part of this mineral dust event, the high
pressure zone strengthened and further extended over northern Africa. As a result a
strong south-north pressure gradient prevailed over the Sahel and southern Sahara.
Very intense mineral dust activation was observed over northwest Niger and additional
mineral dust sources were activated in Morocco and Mauritania. The mineral dust
from the latter regions (similar to the first event) was transported westwards at the
southern flank of the subtropical high.
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Figure 6.2: Composite of the wind vector for wind velocities larger than 1 m·s−1 (black ar-
rows), the geopotential height (dark gray lines) and the dust source activation
frequency (colored area) for the event from DOY 21-27, 2009. The red point
indicates the location of the Cape Verde Atmospheric Observatory.
Similar meteorological conditions but with different dust source activation regions were
observed for the third event at the end of the month (Figure 6.3). Mineral dust emis-
sions and transport were caused by strong Harmattan winds associated with the inten-
sification of the high pressure system over the Sahara. The observed mineral dust at the
CVAO originated not only from the western coast of Africa (Morocco and Mauritania),
but also from Algeria.
6.1.2 Internal boundary layer
In Section 2.4.1, it was shown that an Internal Boundary Layer (IBL) forms, when
the wind passes a border between different surface types. This is the case for these
measurements, because the wind passes the border between the ocean and the island
where the measurements were carried out. A short investigation will be given to prove
that measurements represent the conditions over the ocean. These conditions are
fulfilled, when the IBL height is below the height of the anemometer used for the
investigations, which is also the height of the aerosol inlet.
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Figure 6.3: Composite of the wind vector for wind velocities larger than 1 m·s−1 (black ar-
rows), the geopotential height (dark gray lines) and the dust source activation
frequency (colored area) for the event from DOY 29-31, 2009. The red point
indicates the location of the Cape Verde Atmospheric Observatory.
Figure 6.4 shows a time series of the IBL height for neutral and unstable conditions. No
stable conditions were found at the CVAO for January 2009. 66% of the investigated
cases were neutral. As shown in Figure 6.4, the IBL height for neutral atmospheric
layering is always beneath 30 m. Thus, the ultra-sonic measurements represent the
conditions over the ocean. Most of the unstable cases also show IBL heights beneath
30 m. For further data evaluation with the covariance method, just periods with IBL
heights lower than 30 m were used. The same holds true for the 10 and 30 m wind
measurements that were taken for the profile method when the IBL height was below
8 m, since temperature measurements were performed in a height of 8 m.
6.1.3 Deposition velocity
Figure 6.5 shows the mean values of the deposition velocity of the covariance (vd,cm)
and the profile method (vd,pm), the ratio between both methods (vd,cm divided by vd,pm)
and the averaged particle mass size distribution of mineral dust for January 2009. The
correlation coefficient between the two curves of deposition velocity is R2 = 0.95 (not
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Figure 6.4: IBL height for January 2009. The dotted line presents the tower height of 30 m.
shown here). It can be clearly seen, that the least agreement between the two methods
occurs for the smallest particle sizes (0.1 - 0.3µm) with a ratio of both curves of less
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Figure 6.5: Comparison of the averaged deposition velocities obtained by the ultra-sonic
(green line) and the two anemometers (blue line) using the covariance and profile
method, respectively (left axis). The ratio of both velocities (dotted gray line,
left axis) and the particle mass size distribution of mineral dust (black line) are
also shown (right axis). The dotted black lines show the points, where 10 and
90% of the cumulated mass is reached, respectively.
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than 0.7. However, mineral dust particles are usually larger than 0.2µm [Kaaden et
al., 2009; Kandler et al., 2009], which is also confirmed by the observed particle mass
size distribution of mineral dust. Therefore, the size range smaller than 0.3 µm can
be neglected here. In the size range between 0.84 and 3.0 µm (10% and 90% of the
cumulated mass concentrations), the ratio of both deposition velocities varies between
0.6 and 0.8. Since no other information on the calculation of the uncertainty for both
methods exists, the average ratio in this size range is used to determine an uncertainty
of both velocities, which is 29%. For particles larger than 3.0µm, the discrepancies
between both methods become negligible.
6.1.4 Mass concentrations of mineral dust
The mass concentrations of mineral dust calculated from the microphysical (Mmp),
the optical (Mop) and the gravimetrical method (Mgr) as well as from the regional
model output (Mmod) were compared. Figure 6.6 shows a time series of the mass con-
centration of mineral dust, with the mass concentration from the gravimetrical method
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Figure 6.6: Time series of the mass concentration of mineral dust for the second half of
January 2009.
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plotted as bars due to the lower time resolution of one day (compared to 0.5 or 1 hour).
This latter mass concentration is considered as an independent technique to compare
with the atmospheric aerosol concentration from microphysical and optical measure-
ments as well as with the regional model output. Between DOY 22 and 27, no values
for Mmp are available, because the H-DMA-APSS did not work during this period.
Therefore, no number fractions of mineral dust could be determined. The time series
of the mass concentration of mineral dust at the CVAO shows three main peaks on
DOY 14, 24, and 30 to 31. All four methods show the same temporal evolution of these
peaks. The maximum values for the three events are given in Table 6.1.
Table 6.1: Mean and maximum values for the mass concentration of mineral dust obtained
during the three main dust events in units of µg·m−3.
Mmp Mop Mmodel Mgr
mean max mean max mean max mean max
event 1 35 144 22 70 40 112 27 62
event 2 – – 20 86 80 227 28 70
event 3 15 56 17 36 35 78 20 54
Mass concentrations of mineral dust obtained by the optical method are mostly lower
than that obtained by the microphysical method, which is due to the fact that the
SOAP retrieval uses the mass fraction of iron oxide in the mineral dust particles. To
calculate the mass concentration of mineral dust, a constant mass fraction of iron oxide
was assumed [Mu¨ller et al., 2009], which may lead to an over- or underestimation of
the mass concentration depending on the actual iron content of dust particles.
The COSMO-MUSCAT results (used up to a volume equivalent diameter of 5.2µm)
overestimate the measured mass concentration in general. Only for the first dust event,
the modeled dust concentration at surface level (centered around 38 m above surface,
compare to Section 5.2) is very similar to the measured ones. For the second dust event,
the regional model is up to a factor of four too high compared to the measurements. It
should be kept in mind, that those comparisons are generally problematic, since local
single point measurements may not be entirely representative of a whole model grid
cell with 28 km grid spacing.
For a direct comparison with the daily values of the gravimetrical method (measured
from noon to noon), also daily values for the microphysical and the optical method
were calculated from noon to noon when at least 65% of the data for this day were
available. Berner impactor data were used until the fourth stage corresponding to an
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aerodynamic diameter of 3.5µm, which can be converted to a volume equivalent diam-
eter of about 2.5µm. The other two experimental methods were investigated for the
whole size range up to 10µm, which is the aerodynamic cut-off diameter of the aerosol
inlet. However, as shown in the previous section, 90% of the mass obtained by the
microphysical method is found at a particle diameter of 3 µm. The deviation between
the gravimetrical and the microphysical method is 20% (Mgr>Mmp), while the devia-
tion between the gravimetrical and the optical method is 40% (Mgr>Mop; not shown
here). This shows that the mass concentration of mineral dust from microphysical
measurements is comparable to the mass concentration obtained by the gravimetrical
method, while the mass concentration obtained by optical measurements underesti-
mates it by a factor of approximately 1.7 because of the assumption of the relative iron
abundance in the mineral dust particles. Therefore, the microphysical measurements
of mass concentrations of mineral dust are used as reference in the following.
6.1.5 Mass deposition flux of mineral dust
The mass deposition fluxes of mineral dust are presented as weekly mean values ob-
tained with the different methods. The data were grouped according to sampling times
of the passive samplers.
Period 1: DOY 7.5 to 15.5
Period 2: DOY 15.5 to 22.5
Period 3: DOY 22.5 to 29.5
Period 4: DOY 29.5 to 36.5
Figure 6.7 presents the weekly mass deposition fluxes of mineral dust including error
bars and also showing the mean values in numbers below the bars. The relative uncer-
tainties as introduced in Section 4 for the mass deposition flux of mineral dust are 39%
for the covariance - microphysical method (Fcm,mp), 39% for the profile - microphysical
method (Fpm,mp), 62% for the covariance - optical method (Fcm,op), and 30% for the
Scanning Electron Microscopy (SEM) method (FSEM). There is no uncertainty given
for the regional model, because only ensemble simulations could provide a basis for a
statistical error analysis. The main source of model uncertainties is the representation
of dust-generating surface winds and soil properties in the source region of mineral
dust. Depending on whether a model grid cell is activated as dust source or not, theo-
retically, the error can be up to 100% [Laurent et al., 2008]. No values could be shown
for the profile - microphysical method for period 2, since anemometer measurements
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were available only in one height. Results for the covariance - microphysical and the
profile - microphysical methods are not discussed for Period 3, because too many data
of mass concentration of mineral dust were missing due to the absence of H-DMA-
APSS measurements.
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Figure 6.7: Weekly averages of the mass deposition flux of mineral dust for the different
measurement techniques and the regional model. Error bars show the percentage
error of the individual methods. Below the bars, the total values are added.
In general it can be seen, that the lowest values were obtained from the covariance -
optical and the SEM methods. Reasons for the lower-end values of the SEM method
can be explained by the high wind speed (mean of 6.6 m·s−1) that is always observed on
top of the tower [Carpenter et al., 2010], which may yield a lower collection efficiency
of the Passive-2 sampler. For the investigated period, the mean wind velocity was even
found to be 10.4 m·s−1. Furthermore, as explained above, the volume estimation of the
particles from a 2D image may cause large errors. The low value for the covariance
- optical method may be based on a too low mass absorption coefficient for mineral
dust and the difficulty to find a representative diameter for calculating the deposition
velocity. One exception can be found for period 4, where all measured values are close
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together. A slight change in the meteorological situation may explain the better fit
of the SEM method, because the wind velocity for this period slightly decreased to
9.6 m·s−1. As could be seen from the mass concentration measurements, results from
the optical method fitted better with the others within the last dust event. This result
could suggest that the air masses were from a different source region compared to the
first dust event, and that the iron oxide value could be different between the third and
the first period. These findings agree with the meteorological situation introduced in
Section 6.1.1 where it was found that mineral dust was transported to the CVAO also
from Algeria besides the western coast of Africa as for the first event.
There are two periods, where the covariance - microphysical and the profile - microphys-
ical methods are directly comparable. In period 1, the profile - microphysical method
shows higher values compared to the covariance - microphysical method, which is a re-
sult of the overestimation of the deposition flux obtained by the profile method. Both
values agree for period 4 which leads again to the assumption that a slight change in
meteorology seems to have occurred, because the deposition velocities for this period
must be similar. The assumption behind this is that the atmosphere was in a state
that fulfills the requirements for the logarithmic wind law better e.g., horizontal homo-
geneity and stationarity. This assumption is corroborated by Figure 6.4 showing less
unstable cases in the last compared to the first period.
Comparable to the mass concentration measurements, the regional model results mostly
overestimate the total mass deposition flux of mineral dust for nearly the whole time
except for period 1. The reasons will be explained in more detail in Section 6.1.6.
Scatter plots allow a better quantitative comparison among the different methods and
are presented in the following. Here, the covariance - microphysical method is con-
sidered as reference, as ultra-sonic wind speed observations provide the most accurate
information on turbulent mixing and measurements of the particle mass size distribu-
tion of mineral dust represent atmospheric mass concentrations of mineral dust best
(see Section 6.1.4). The scales are double logarithmic to allow for a better data pre-
sentation, since data points spread over three orders of magnitude.
In Figure 6.8 (a), mass deposition fluxes of mineral dust from the covariance - micro-
physical and the profile - microphysical method are compared, for which a correlation
factor of R2 = 0.92 is obtained. The flux obtained by the profile - microphysical method
is about 40% larger than the flux obtained by the covariance - microphysical method.
This can be explained by the larger values (up to 30%) of the deposition velocity for
the profile method compared to the covariance method in the size range up to 4µm.
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Figure 6.8: Correlation plots of the mass deposition fluxes of mineral dust obtained from the
profile - microphysical method, the covariance - optical method and the regional
model against the covariance - microphysical method, respectively. The red line
shows the linear fit function and the dashed line shows the 1:1 line.
The comparison between the covariance - microphysical and covariance - optical method
shows an acceptable correlation, with a correlation coefficient of R2 = 0.68 (Figure 6.8
(b)). Due to the fact that the mass concentration of mineral dust from the optical
method is underestimated, also the mass deposition flux of mineral dust obtained by
the covariance - optical method is about 35% lower than that obtained by the covari-
ance - microphysical method.
A weak correlation is only found between the covariance - microphysical method and
the regional model with R2 = 0.37 (Figure 6.8 (c)). This high discrepancy is mainly
due to the overestimation of the second dust event and the fact, that the regional model
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provides a homogeneous mineral dust distribution over the grid cell of 28 km, while the
measurements were performed at a single point. In addition, a minor reason may be
the difference in density of mineral dust particles, which are assumed in the regional
model (2.65 µg·cm−3) and for the mass deposition flux calculation (2.45µg·cm−3).
The total deposition fluxes for January 2009 are summarized in Table 6.2. All mea-
sured and modeled mass deposition fluxes are of the same order of magnitude ranging
between 12 and 47 ng·m−2s−1. Furthermore, the data were compared to literature val-
ues obtained from global and regional model simulations for different time periods for
the Cape Verde region. Zender et al. [2003] give a 10 year average mass deposition flux
of mineral dust of 50 to 100 ng·m−2s−1 for particles smaller than 10µm aerodynamic
diameter, which is nearly double the flux measured in this study. The comparison with
the global model output of Mahowald et al. [2005] presenting a 10 year average of three
reanalysis based models combined with sediment trap and in-situ observations, and the
regional model output of Schepanski et al. [2009] for January 2007 show one order of
magnitude higher mass deposition fluxes of mineral dust than presented within this
study. However, the deposition flux given by the models include particles larger than
10 µm, which is only partly comparable to results in this study, because particles larger
than 10 µm that are still in the atmosphere may contribute significantly to the mass
concentration of mineral dust. The discrepancies to the findings by Mahowald et al.
[2005] can also be explained by the fact that they also consider wet deposition, which
accounts for 30% of the total deposition [Laurent et al., 2010]. Mahowald et al. [2005]
state an uncertainty factor of 10% for their deposition flux of mineral dust. The values
given by Zender et al. [2003] and Mahowald et al. [2005] are averages of long time series
combining the variability of dust events with periods of high and low dust loadings.
The results presented here from measurements and the regional model show only a
small extract of the year. Direct comparisons are thus from different points of view,
but nevertheless statements about model uncertainties and measurement discrepancies
can be made.
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6.1.6 Explanation for uncertainties by the regional model system
COSMO-MUSCAT
Discrepancies in mass concentration and further leading to discrepancies in the mass de-
position flux of mineral dust is discussed in the following. By comparing model-derived
Aerosol Optical Depth (AOD) with the AOD from MODIS satellite observations, rea-
sons for the deviations can be identified. Fig 6.9 shows the modeled and observed AOD
over West Africa and the Cape Verde Islands on DOY 24 - 25 (second dust event). As
described above, the mineral dust emissions during this event resulted from a winter
cyclone and related strong frontal surface winds over northern Africa.
AOT 
0.600.520.440.28 0.360.200.120.04
CVAO CVAO
COSMO-MUSCAT (a) (b)MODIS
Biomass burning smoke dominated Biomass burning smoke dominated 
Figure 6.9: Horizontal distribution of Saharan dust during the period between DOY 24 - 25,
2009. Shown are maps of (a) modeled aerosol optical depth (AOD) (550 nm)
and (b) a composite of MODIS AOD at 550 nm over sea and the MODIS Deep
Blue AOD at 550 nm over land. The values of optical depth are time averages (2
fields of observation at 10:30 AM LT for Modis overpass and 10:00 AM LT for
the regional model). Latitudes up to 15◦N have a frame, as in this region the
MODIS AOD is dominated by biomass burning aerosol, which is not considered
in the regional model simulations.
Here, the regional model apparently overestimated the mineral dust emission in eastern
Algeria and western Libya as a result of an overestimated cyclone development, which
results in a too strong dust transport towards the Cape Verde Islands. The high values
of observed (MODIS) AOD over and west of the Gulf of Guinea were mainly due to
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smoke aerosol from biomass burning in southern West Africa, which was not considered
in this model version. The MODIS AOD in this region also included mineral dust from
the Bode´le´ Depression and minor dust sources to the west, which were well reproduced
by COSMO-MUSCAT. In addition, large uncertainties in the mineral dust prediction
occur due to strong horizontal gradients in the actual dust distribution that cannot be
resolved by the regional model. A misrepresentation of the transport height may also
explain the discrepancies, which in particular is assumed to be the reason during the
third dust outbreak (not shown).
Two main reasons for differences between regional model output and measurements
can be found. Firstly, when the emission at the source is prognosticated wrong, also
the transport and deposition show different values compared to the measurements.
Secondly, if there is a sharp gradient of dust concentration over the measurement
point, the regional model cannot resolve this gradient and the average value for the
grid cell containing the measurement point is taken in contrast to the high or low end
values of the gradient of the mass concentration of mineral dust.
6.2 Mass deposition flux obtained from three months
of continuous measurements
From December 15, 2011 to March, 15, 2012, an ultra-sonic anemometer was oper-
ated together with the MPSS, APSS and H-DMA-APSS (see Section 4.1 for details)
to determine the deposition velocity and mass concentration of mineral dust using the
covariance and the microphysical method, respectively. Based on these observations,
the mass deposition flux of mineral dust was calculated with the covariance - micro-
physical method (see Section 4.4.1). Three months of continuous measurements of
mass deposition fluxes of mineral dust could be achieved.
6.2.1 Synoptic Situation
In the following, the synoptic situations leading to the highest mass deposition fluxes
of mineral dust (> 100 ng·m−2s−1) at the CVAO for each month are briefly explained.
Similar to the composites shown for the January 2009 dust events, a composite of the
geopotential height in 925 hPa from reanalysis2, the UV Aerosol Index3 (AI) and 5 day
back-trajectories are shown (Figures 6.10 to 6.13). The geopotential height was taken
from reanalyzed data from the NCEP/NCAR Reanalysis project and provides informa-
2http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.pressure.html
3http://gdata.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance id=omi
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20 Dec 2011 to 22 Dec 2011
Figure 6.10: Composite for DOY 354 to 356, 2011, of NCEP reanalyzed data of the geopo-
tential height (red line) and the UV aerosol index (colored area, unitless), both
at the 925 hPa level, and 5-day back-trajectories (blue dotted line) from the
HYSPLIT model for DOY 356, 2011.
tion about the location of high and low pressure areas. NCEP Reanalysis data are
provided by NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site
at http://www.esrl.noaa.gov/psd/. The AI is retrieved from observations of the Ozone
Monitoring Instrument (OMI) [Levelt, 2002] aboard NASA’s Aura satellite4. It is
sensitive to aerosol particles that absorb in the near-UV. Thus, OMI AI can be used
as qualitative indicator for the presence of mineral dust, but it also shows biomass
burning aerosol, which often occurs over the African continent in northern hemispheric
winter time [Zhang et al., 2012]. Analysis and visualizations of the UV aerosol index
used in this study were produced with the Giovanni online data system, developed and
maintained by the NASA GES DISC. 5-day back trajectories were calculated using the
’HYbrid Single Particle Lagrangian Integrated Trajectory’ model (HYSPLIT) [Draxler
and Hess, 1997, 1998; Draxler, 1999] from the NOAA Air Resources Laboratory. For
the geopotential height and the AI, a composite of 3 days was calculated with the last
4http://aura.gsfc.nasa.gov/
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18 Jan 2012 to 20 Jan 2012
Figure 6.11: Composite for DOY 18 to 20, 2012, of NCEP reanalyzed data of the geopotential
height (red line) and the UV aerosol index (colored area, unitless), and 5-day
back-trajectories (blue dotted line) from the HYSPLIT model for DOY 20,
2012.
day being the day when the dust event was observed at the Cape Verde Islands. The
5-day back trajectories were calculated starting at the CVAO at the day of the event,
respectively.
On DOY 354, 2011, mass deposition fluxes were observed exceeding 100 ng·m−2s−1.
From DOY 354 to 356, 2011, the Azores High was situated over the northeast Atlantic
with its extensions reaching northwest Africa (see Figure 6.10). An upper level trough
spread from the Mediterranean to northwest Africa (not shown here). As a conse-
quence, a low pressure zone emerged over Greece with its extensions reaching Tunisia
and Libya. The high pressure gradient (between the Azores High and the Low) over
the Sahara led to dust mobilization in this area as observed in the AI showing dust over
northern Mali, Mauritania, southern Algeria and Morocco. The 5-day back trajectory
shows that the dust observed at the CVAO from DOY 354 to 356, 2011, originated
from this region.
The strong dust event on DOY 20, 2012, is related to a strengthening of Harmattan
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04 Feb 2012 to 06 Feb 2012
Figure 6.12: Composite for DOY 35 to 37, 2012, of NCEP reanalyzed data of the geopotential
height (red line) and the UV aerosol index (colored area, unitless), and 5-day
back-trajectories (blue dotted line) from the HYSPLIT model for DOY 38,
2012.
winds (compare to Section 2.2.3). The Azores High stretched towards the central
Mediterranean with one core northwest of the Iberian Peninsula and a second core
over northern Algeria and a low pressure zone was observed over central North Africa
(Figure 6.11). An upper level trough over Europe reaching West Africa with a Cut-
off low over Algeria (not shown here) resulting in an intensification of the surface
pressure gradient. Associated strong surface winds over northern Africa lead to dust
mobilization and transport. 5-day back trajectories passing over Morocco, west Algeria
and Mauritania, also identified as regions with high AI, showed transport of mineral
dust to the Cape Verde Islands.
A situation similar to December 2011 was found for February and March 2012 (see
Figures 6.12 and 6.13). The highest concentrations for these months were observed at
the CVAO between DOY 35 and 37, 2012, and on DOY 70, 2012, respectively. For
both months, the extensions of the Azores High reached northwest Africa. Upper level
troughs over northeast Africa (not shown here) led to cyclogenesis east of the Azores
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High over central Mediterranean and led to an intensification of the Harmattan. The
AI indicated strong mineral dust mobilization over southern Algeria and northern Mali,
but also over Mauritania and Morocco with 5-day back trajectories passing over these
regions. For the very strong dust event in February, on DOY 38, the 10-day back
trajectory starting at the CVAO circulated over Algeria and Mali (not shown here) for
three to four days. This shows that the air mass remained over West Africa for several
days and could pick up large amounts of mineral dust.
The interesting point for the observed high dust events is that mineral dust particles
were transported more or less always from the same source regions, at least for the 4
months of observations. Thus, aerosol physical and chemical properties should only
have changed due to atmospheric processing such as a cloud passage, which cannot be
proved within this thesis.
08 Mar 2012 to 10 Mar 2012
Figure 6.13: Composite for DOY 68 to 70, 2012, of NCEP reanalyzed data of the geopotential
height (red line) and the UV aerosol index (colored area, unitless), and 5-day
back-trajectories (blue dotted line) from the HYSPLIT model for DOY 71,
2012.
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6.2.2 Internal boundary layer
A brief investigation of the internal boundary layer is presented here. IBL heights
for different atmospheric stratification are shown in Figure 6.14 for December 2011 to
March 2012. In total, the atmospheric stratification was stable in 0.1%, neutral in
71.3% and unstable in 28.6% of all cases for the four months. The monthly values of
atmospheric stratification are given in Table 6.3. According to this, neutral atmospheric
stratification dominated during the entire time period. A minor fraction of stable
atmospheric stratification was only observed for March 2012. The IBL height for
neutral and stable cases is observed to be always lower than the tower height. In 5.2%
of the unstable cases, the IBL height reached above the tower height. Episodes with
tower heights above the IBL were not used for further data evaluation.
Table 6.3: Percental frequency of the different types of atmospheric stratification for Decem-
ber 2011 to March 2012.
Dec 2011 Jan 2012 Feb 2012 Mar 2012
unstable 36.5% 42.3% 11.1% 27.5%
neutral 63.5% 57.7% 88.9% 72.1%
stable 00.0% 00.0% 00.0% 00.4%
6.2.3 Mass concentration of mineral dust - January and February
2012
A comparison of the mass concentration of mineral dust determined from the micro-
physical, the optical and the gravimetrical method as well as with the regional model
will be given here. This comparison aims to class the quality of the microphysical
method used to calculate the mass deposition flux of mineral dust. The comparison
was carried out for the months January and February 2012, since Berner impactor
samples (gravimetrical method) were only taken between January 12 and February 20
(DOY 12 to 51).
Figure 6.15 shows a time series of the mass concentration of mineral dust for the three
different measurement methods and the model. Within the two months of observation,
two dust events occurred. The first one between DOY 20 and 25 with maximum mass
concentrations of 300 and 350 µg·m−3 obtained by the microphysical method and the
model, respectively. The second dust event was found between DOY 36 and 40 with
maximum mass concentrations of about 500µg·m−3 obtained by the microphysical and
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Figure 6.14: IBL height for December 2011 to March 2012. The dotted line presents the
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the gravimetrical method and 650 µg·m−3 computed by the model. All methods show
a similar evolution of the two dust events with high dust concentrations around DOY
20 and 38. The model shows higher values at the end of the January event compared
to the others, while the mass concentrations obtained by the optical method are con-
tinuously lower compared to the values of the other methods.
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Figure 6.15: Time series of the mass concentration of mineral dust obtained between DOY
15 and 51, 2012.
To obtain a better overview of the relationships among the different methods, correla-
tion plots are shown. Figure 6.16 (a) shows the correlation between the microphysical
and the gravimetrical method. The data from the microphysical method were averaged
so that they match the sampling time of the Berner impactor, which vary between 5
and 27 hours. Berner impactor data were used from the lower four stages corresponding
to a maximum aerodynamic diameter of 3.5 µm, which can be converted to a volume
equivalent diameter of about 2.5 µm. Data from the microphysical measurements were
evaluated up to 5 µm (compare to Section 4.3.1). The size range of the microphysical
measurements is twice as large as that of the gravimetrical measurements. Therefor,
the deviation of the mass concentration for the microphysical method up to 5 and
6.2 Three months of mass deposition flux determination 77
0.1
1
10
100
1000
 m
as
s 
co
nc
en
tra
tio
n 
of
 m
in
er
al
 d
us
t
 [µ
g/
m
³] 
(o
pt
ic
al
 m
et
ho
d)
0.1 1 10 100 1000
 mass concentration of mineral dust
 [µg/m³] (microphysical method)
R² = 0.97 
 y  = 0.55 x
(b)
0.1
1
10
100
1000
 m
as
s 
co
nc
en
tra
tio
n 
of
 m
in
er
al
 d
us
t
 [µ
g/
m
³] 
(m
od
el
 C
O
S
M
O
-M
U
S
C
A
T)
0.1 1 10 100 1000
 mass concentration of mineral dust
 [µg/m³] (microphysical method)
R² = 0.71 
 y  = 0.97 x
(c)
0.1
1
10
100
1000
 m
as
s 
co
nc
en
tra
tio
n 
of
 m
in
er
al
 d
us
t
 [µ
g/
m
³] 
(g
ra
vi
m
et
ric
al
 m
et
ho
d)
0.1 1 10 100 1000
 mass concentration of mineral dust
 [µg/m³] (microphysical method)
R² = 0.98 
 y  = 1.11 x
(a)
Figure 6.16: Correlation plots of the mass concentrations of mineral dust obtained from the
gravimetrical method, the optical method and the regional model against the
microphysical method, respectively. The red line shows the linear fit function
and the dashed line shows the 1:1 line.
2.5 µm, respectively, is shown in Figure 6.17 to estimate the potential uncertainty when
comparing the different methods. The deviation varies with time, but is not correlated
with the mass concentration of mineral dust (not shown here). The mean deviation is
23%. This deviation is used as a correction factor to make the data comparable. By
combining the slope from Figure 6.16 (a) and the additional deviation of 23% it can be
concluded that the mass concentration of mineral dust obtained by the microphysical
method is 30% lower compared to that of the gravimetrical method. However, both
methods show a good correlation with R2=0.98. The gravimetrical method was used
as an independent reference, but the mass concentration of mineral dust obtained by
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this method also contains some uncertainties regarding the assumed amount of water
in the samples. For laboratory conditions with a relative humidity of 50%, the amount
of water in the samples was assumed to be 10 to 15% (personal communication Konrad
Mu¨ller). The relative humidity at the CVAO is higher with values between 70 to 85%,
which leads to more water in the samples and reduces the measured mass concentration
of mineral dust compared to the microphysical measurements that were carried out
between 30 and 40% RH. Unfortunately, corrections regarding the relative humidity
for the gravimetrical method could not be calculated within the time frame of this
thesis, but should be done within future analysis.
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Figure 6.17: Deviation of the mass concentration of mineral dust obtained by the microphys-
ical method for the size range 0.5 to 5 µm and 0.5 to 2.5 µm.
Further analysis with regard to the lower measurement limit and the uncertainty of
the microphysical/gravimetrical method was carried out with the data presented in
Figure 6.16 (a). Here, the scattering of the measurements is used as an estimate for
the lower measurement limit, which is computed from the perpendicular distance of
the measurement points to the fit line. These results are presented as histogram in
Figure 6.18. The 95% percentile of the perpendicular distance, which corresponds to
the double standard deviation, is used as an estimate of the lower measurement limit
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for the microphysical method. This method is applied due to the excellent value of R2
= 0.98 and because the detection of the lower measurement limit with error calculation
is not possible. The lower measurement limit was found to be 18.5µg·m−3. Based on
this estimate, the measured concentrations lower than 18.5µg·m−3 are not trustworthy.
Furthermore, a regression on a logarithmic scale should be done for data spreading over
a wide size range as shown here. Using the lower measurement limit justifies the use of
the regression through the data on a linear scale because the lowest values of the mass
concentration are not regarded any more.
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Figure 6.18: Histogramm of the distance from the measurement points in Figure 6.16 (a)
perpendicular to the fit line. The lower measurement limit (95% percentile)
was found at 18.5 µg·m−3.
Comparisons between the microphysical and the optical method or the model, respec-
tively, were done for 6-hourly means. The temporal agreement between the micro-
physical and the optical method (Figure 6.16 (b)) is high with R2=0.97. Similar to
the comparison of 2009, the values obtained by the optical method are underestimated
compared to those of the microphysical method by about 45%. This is likely due to
the calibration used here and the uncertainty in the actual iron content of measured
mineral dust particles, similar to the results presented for the 2009 data.
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In Figure 6.16 (c), a high scatter between the microphysical method and the model
can be seen. With R2=0.71 the correlation coefficient is higher compared to the 2009
data. The model data also show some dust present in the atmosphere when no dust
was detected with the microphysical method. However, the quantitative agreement
among both methods is good with a slope of 0.97.
In general, there is a qualitative good agreement among the measurement techniques,
while quantitative differences can be found. The model is quantitatively in good agree-
ment with the microphysical method for the investigated time period with some minor
differences in the temporal evolution of the dust events.
6.2.4 Mass deposition flux of mineral dust
This section focuses on the comparison between the measured (covariance - microphys-
ical method) and the modeled mass deposition flux of mineral dust. Amongst dry
mass deposition fluxes, also wet mass deposition fluxes were computed by the model.
In Figure 6.19 the availability of measured and modeled dry as well as modeled wet
mass deposition fluxes larger than 2 ng·m−2s−1 are shown. The reason for the use of
a minimum value rather than using all fluxes that are larger than zero is that mass
concentrations of mineral dust computed by the model were always larger than zero
except for December 2011. This results from numerical uncertainties of the model to
remove the mineral dust after several days of calculations. Additionally, mineral dust
may always be present at least in the upper layers of the troposphere over the Cape
Verde Islands, although not seen by measurements and in very low concentrations, and
may be included into the lowest level of the model. Also included in Figure 6.19 are
  m
od
el
ed
 a
nd
 m
ea
su
re
d 
 
du
st
 m
as
s 
de
po
si
tio
n 
flu
x
360350340 908070605040302010
day of year 2011 / 2012
 model wet deposition
 model dry deposition
 measurements
 observed rain days
Figure 6.19: Time series of data availability of measured and modeled dry mass deposition
fluxes of mineral dust for values larger than 2 ng·m−2s−1.
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the days, when rain was observed in Mindelo at the ’Instituto Nacional de Meteorologia
e Geofsica’ (INMG) (DOY 6, 26, 30 and 31, 2012), about 12.5 km west of the CVAO
(personal communication Bruno Faria).
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Figure 6.20: Time series of the mass deposition flux of mineral dust obtained between De-
cember 2011 to March 2012.
Figure 6.19 shows that measured and modeled dry mass deposition fluxes are available
for 52% and 76% of the days, respectively. The model predicted wet deposition events
for 31% of the entire period, while only 4 days with rain were observed at CVAO. The
coverage of the modeled dry mass deposition flux is higher compared to the measured
one, and the temporal matching of the coverage between both accounts for 42%. The
high coverage of modeled wet mass deposition fluxes does not fit with the observed
rain days. If rain is simulated by the model in the upper layers, this rain does not
necessarily reach the surface, but may evaporate before. In those cases, mineral dust
is re-entrained after evaporation in the model and, thus, is not removed from the
atmosphere. However, these cases nonetheless have been recorded as wet deposition
giving a too high number of actual wet deposition events. Additionally, there are still
substantial uncertainties in modeling precipitation [Mahowald et al., 2005]. Regarding
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this and the fact that wet deposition cannot be measured by the methods presented
here, only days without modeled wet deposition events will be used for comparison
with the measurements in the following.
A time series of the total measured mass deposition flux of mineral dust for the months
December 2011 to March 2012 is shown in Figure 6.20 and aims to give an overview of
the observations. It can be seen that the variability within one month is large covering
two orders of magnitude. This figure also shows that at least once per month no dust
and therefore zero mass deposition flux was observed, but also one dust event per
month exceeding 100 ng·m−2s−1.
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Figure 6.21: Box plots of the measured and modeled dry mass deposition flux of mineral dust
for December 2011 to March 2012. The boxes show the 10, 25, 50, 75 and 90%
percentiles, respectively. The green line shows the deviated lower measurement
limit of 15.5 ng·m−2s−1.
In Figure 6.21, the dry deposition flux from the covariance - microphysical method and
the regional model are compared. Model data were taken for the time period between
DOY 349, 2011 and 74, 2012 (December, 15th, to March, 15th), when data from the
measurements are available. The restriction of data without wet deposition events in
the model led to a large reduction in data available for this comparison. The thick bars
6.2 Three months of mass deposition flux determination 83
show the median values, the edges of the box the 25% and 75% percentiles and the
upper and lower end the 90% and 10% percentiles, respectively. Dotted boxes or lines
indicate that the corresponding values are zero and thus are not displayed in the loga-
rithmic scale. The green line represents the lower measurement limit of 15.5 ng·m−2s−1
of the measurement method, which was calculated by the lower measurement limit of
the mass concentration (18.5 µg·m−3) multiplied with the mean deposition velocity for
this time (0.84 mm·s−1, see Section 6.3 for details). As can be seen from the figure,
about half of all measured values are below the estimated lower measurement limit and
more than half of the modeled values are below this value. Thus, a mainly qualitative
comparison will be given here. The values of the percentiles are presented in Table
6.4. The measurements show a high variability of the median values and the spreading
between the 25% and 75% percentile, which mirrors the variability in mineral dust
transport. The model also shows variability in the median value and in the spreading
between the 25% and 75% percentiles, respectively, for the individual months. How-
ever, the modeled median values and spreading differ in both directions compared to
the measurements for all months. Thus, the variability of mineral dust transport is
reproduced by the model, although the median values and the scattering are different.
Table 6.4: Percentiles obtained from box plots for measured (MEAS) and modeled (MOD)
mass deposition fluxes of mineral dust in ng·m−2s−1 for December 2011 to March
2012.
Dec 2011 Jan 2012 Feb 2012 Mar 2012
MEAS MOD MEAS MOD MEAS MOD MEAS MOD
10% percentile 2.17 0.05 4.75 0.85 0.00 0.91 0.00 2.02
25% percentile 10.58 0.08 6.98 2.59 0.00 1.16 6.30 3.68
50% percentile 15.18 2.99 15.04 9.20 1.34 2.57 18.36 8.13
75% percentile 38.96 12.74 28.60 43.07 11.90 4.20 38.86 76.59
90% percentile 112.69 41.11 38.97 139.16 20.78 24.08 59.89 185.82
There are several reasons for the discrepancies, which shall be briefly discussed in the
following. The regional model system usually describes synoptic-scale processes and
the long-range transport of mineral dust well, due to the included weather forecast
model and the fact that reanalysis data are used. A major source of uncertainty lies in
the emission of mineral dust in the source regions (personal communication Ina Tegen
and Bernd Heinold). On the one hand, problems arise due to large uncertainties in
the land surface properties (surface roughness, soil texture) prescribed in the model.
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On the other hand, global and regional models often fail to reproduce the small-scale
meteorological processes, such as nocturnal low-level jets (compare to Section 2.2.2)
and moist convective cold pools (density currents, compare to Section 2.2.4), which
cause peak near-surface winds that can mobilize mineral dust [Knippertz et al., 2012;
Heinold et al., 2013]. Dry convective plumes and dust devils, which can also contribute
to the dust emission, are subgrid-scale mechanisms and not yet considered in current
models, but may contribute considerably to the amount of dust emission [Balkanski et
al., 2007; Mahowald et al., 2010; Kok et al., 2012].
Uncertainties in the measurements result from two major sources. First, some as-
sumptions have been made to calculate the mass concentration of mineral dust using
particle number size distributions and number fractions of mineral dust, e.g., to use
fix dynamical shape factors and particle densities for converting particle number size
distributions in particle mass size distributions and to hold the number fraction of the
largest particle diameter for hygroscopicity measurements constant until 5 µm. Second,
assumptions such as horizontal homogeneity and stationarity were used to apply the
covariance method to calculate deposition velocities from ultra-sonic measurements.
However, atmospheric conditions may not always represent these assumptions leading
to uncertainties in the measurements.
In addition to misrepresented modeled dust emissions, the discrepancies in Figure 6.21
can be also related to uncertainties in the modeled deposition fluxes. For some dust
events, the modeled mass deposition flux of mineral dust is up to double as high as
the measurements (not shown here). Figure 6.22 shows a histogram of the deposi-
tion velocity obtained by the measurements (dividing Fcm,mp by Mmp) and the model
(dividing Fmod by Mmod). Two main differences are apparent: First, the deposition
velocity obtained by the model with values up to 2.1 mm·s−1 is larger than that of
the measurements showing a maximum value of 0.95 mm·s−1. Second, the range of
deposition velocities obtained by the model (from 0.8 to 2.1 mm·s−1) is broader than
that of the measurements (from 0.7 to 0.95 mm·s−1). Both, the measurements and the
model, are about one order of magnitude smaller compared to the common value for
the deposition velocity used to calculate deposition fluxes, which is 1 cm·s−1 [Gao et
al., 2001; Duce et al., 1991]. As a very good agreement was found for the mass con-
centration (see Figure 6.16 (c)), there must be differences in the computation of the
dry deposition fluxes, although the same parameterization (after Zhang et al. [2001])
is used. Removal of mineral dust due to dry deposition occurs at two main paths, due
to gravitational settling and due to turbulent mixing. The removal due to sedimenta-
tion should be comparable for the measurements and the model, because of the good
agreement in the mass concentration and size distribution (not shown). However, the
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size of the mineral dust particles considered here is small with a diameter of less than
5 µm. Thus, not sedimentation but turbulent mixing is the dominant process for the
investigated dust particles. Turbulent fluxes from measurements are calculated for a
single point in 30 m over the ocean close to an island. The model domain spans over an
area of 28x28 km and the lowest layer ranges from 0 to 68 m above surface and thus the
surface properties in the model may differ from the measured ones resulting in different
turbulent fluxes and a larger contribution of turbulent mixing to dry deposition in the
model simulations. This shows once again the problem of directly comparing single
point measurements with model results.
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Figure 6.22: Histograms of the measured (beige) and modeled (red) deposition velocity ob-
tained by dividing the measured and modeled mass deposition flux of min-
eral dust by the measured and modeled mass concentration of mineral dust,
respectively.
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6.3 Closing measurement gaps with alternative
methods
In the previous sections, it was shown that the covariance - microphysical method is
a good tool to obtain mass deposition fluxes of mineral dust to the Tropical North
Atlantic Ocean. Unfortunately, the combination of sonic measurements (covariance
method) and measurements of particle number size distributions and number fractions
of mineral dust (microphysical method) is available only for January 2009, December
2011 to March 2012 and from November 2012 until October 2013. The sonic anemome-
ter measures very stable since it was installed for continuous measurements in Decem-
ber 2011. A disadvantage of the sonic is the time consuming data evaluation. The
instruments used for the microphysical method have often been out of operation due
to technical defects. Next to the microphysical method there is also the opportunity
to use the optical method to obtain mass concentrations of mineral dust. Continuous
data from absorption photometer measurements are available since January 2011. By
accounting for the underestimation of the mass concentration of mineral dust of about
45% (compare to Section 6.2.3), a time series of two years of mass concentrations of
mineral dust is available and can be continued. To calculate mass deposition fluxes
of mineral dust, a deposition velocity also needs to be calculated. In Section 4.4.3
it was shown that a mass-size weighted deposition velocity is necessary to calculate
the mass deposition flux by the optical method. This was done by taking the 85%
mass-weighted diameter (compare to Section 4.4.3). Another possibility should be
investigated by regarding the variability of the mass-size weighted deposition velocity
obtained using the covariance-microphysical and the microphysical method by dividing
the total flux (Fcm,mp) by the total mass (Mmp). Such a mass-size weighted deposition
velocity was calculated for the months December 2011 to March 2012 and a histogram
of the frequency distribution is shown in Figure 6.23. It can be seen that a relative
frequency larger than 15% appears for deposition velocities from 0.75 to 0.95 mm·s−1.
About 80% of the available data lie in this velocity range showing that the measured
deposition velocity features little variation. The mean value for the mass-size weighted
deposition velocity is 0.84 mm·s−1. By adding 45% to the mass concentration of min-
eral dust obtained by the optical method and multiplying it with the mean value of
the deposition velocity, a mass deposition flux of mineral dust is obtained. This mass
deposition flux (mean vd - optical method) is compared to the one measured with the
covariance - microphysical method (Figure 6.24). The mass deposition flux of mineral
dust obtained by the mean vd - optical method is about 20% lower compared to the
mass deposition flux obtained by the covariance - microphysical method. The correla-
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Figure 6.23: Histogram of the relative frequency observed for different deposition velocities.
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Figure 6.24: Correlation plot of the mass deposition flux of mineral dust obtained from the
covariance - optical method (for a fixed deposition velocity of 0.84 mm·s−1)
against the covariance - microphysical method. The red line shows the linear
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tion between both methods is high with R2=0.95. With the assumption that the
frequency distribution of the deposition velocity remains stable and the mass concen-
tration of mineral dust obtained by the optical method has always an offset of 45%, a
method is found that can be used to calculate mass deposition fluxes of mineral dust
for long-term investigations.
6.4 Quality of ultra-sonic measurements
One important part of the calculation of mass deposition fluxes of mineral dust is
the use of ultra-sonic data to calculate the deposition velocity. Covariances of the
vertical wind velocity and the horizontal wind velocity or the temperature, respectively,
resulting in the momentum and the sensible heat flux, respectively, are necessary input
parameters for the parameterization of the deposition velocity following Zhang et al.
[2001] (compare to Section 2.4.2). Therefore, the quality of the ultra-sonic data is
investigated in this section.
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Figure 6.25: Steady state test after Foken and Wichura [1996] showing the differences of
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Output parameters of the ultra-sonic anemometer are the wind velocities in all three
directions (u, v, w) and the sonic temperature Ts. The first two parameters can be
combined to the horizontal wind velocity U . A steady state test following Foken and
Wichura [1996] was performed on the standard deviations of w, U and Ts as well as on
the covariances of w and U or Ts, respectively. For the test, two different time inter-
vals were compared to each other. The first one is an interval of 30 min for which the
standard deviations and covariances were obtained. The second one splits the 30 min
interval into 6 sub-intervals of 5 min each. For each of the six sub-intervals, the stan-
dard deviations and covariances were calculated and averaged afterwards resulting in a
value for 30 min that can be compared to the total interval of 30 min. If the difference
between the values of both intervals is less than 30%, data are stationary or steady
state [Foken and Wichura, 1996]. Figure 6.25 shows the difference between the values
of the two time intervals as box plots. The thick line represents the median value. The
lower and upper end of the box show the 25 and 75% percentile, respectively, and the
error bars the 10 and 90% percentiles, respectively. The only value slightly exceeding
the 30% threshold is the 90% percentile of the covariance between w and U . Thus,
stationarity of the measured values is found in general.
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Spectral analysis as introduced in Section 2.4.4 was used to obtain power spectra of
U , w and Ts as shown in Figure 6.26. The power spectra were calculated for a time
period of 30 min for December, 17th, 20115 resulting in 48 spectra that were averaged.
Also shown in this Figure is the line of the -5/3 decrease of the Kolmogorov law
indicating the inertial subrange. The power spectra of U and w follow the -5/3 slope
in the frequency range between 0.02 and 4 Hz and 0.07 and 9 Hz, respectively. The
inertial subrange is represented well by these parameters displaying the energy cascade
(decrease of turbulent energy with increasing frequency). The power spectra of Ts
follows the -5/3 slope in the frequency range from 0.02 to only 1 Hz. Some reasons
that may yield to the early flattening of the spectra are given here, but they underlay
only speculations. The measurements of the sonic temperature may be disturbed by
vibrations of the tower. Additionally, the temperature gradient over the ocean may
be too low to show fluctuations in the sonic temperature. However, these assumptions
do not explain why the measurements of the wind velocity yield better results, since
the same assumption hold true for those measurements. Thus, the calculation of the
sensible heat flux by using Ts needs the consideration of a higher uncertainty.
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Figure 6.27: Energy spectrum of the horizontal wind velocity against the time and the
frequency.
5which is similar with the results of the power spectra of other evaluated days
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To calculate the energy spectrum of the horizontal wind velocity, the whole time frame
from December 2011 to March 2012 was taken. Two spectra with different time resolu-
tion of the input data for the Fast Fourier Transformation (20 Hz and 5 min averages)
were analyzed separately and merged afterwards to obtain a time span from 5−3 to
85 hours. This method was applied following the suggestion of Van der Hoven [1956].
Figure 6.27 shows the energy spectrum of the horizontal wind velocity against the
time and the frequency, respectively. The peak of the micro turbulence (compare with
Section 2.4.4) is found between 10−3 and 0.5 Hz, which corresponds to a time interval
between 15 min and 2 s. The production part (a), the inertial subrange (b) and the
dissipation part (c) can be found again compared to Figure 2.9 described in Section
2.4.4. Furthermore, the spectral gap around 1 hr is represented well and the daily cycle
around 20 hrs is also indicated in Figure 6.27. However, for data analysis, only the
range containing the micro turbulence is relevant.

7 Summary and Outlook
In the framework of this thesis, mass deposition fluxes of mineral dust at dry condi-
tions were determined using different measurement techniques and were compared to
the output of a regional chemistry-transport model. The goal was to test the applica-
bility of the different measurement techniques in field experiments, in order to achieve
long-term observations of the deposition flux and to identify weak points in the ex-
perimental methods and the model to validate it. The measurements were performed
within the project SOPRAN at the CVAO on the island Sao Vicente close to the shore-
line. The island lies in the direct outflow of the Saharan desert. One question that
is raised within the project SOPRAN is the influence of atmospheric dust deposition
to the ocean. Investigations of turbidity in the ocean with light scattering technique
are performed from SOPRAN partners at an ocean site about 130 km north-northeast
of the CVAO. Measurements presented within this thesis are used to find out if the
turbidity is connected with observed mass deposition fluxes of mineral dust.
To minimize the influence of the surface sea spray on the measurements, the aerosol
and sampling inlets were mounted on top of a 30 m tower. A 30 m tube carried the
aerosol from the aerosol inlet downward to a container housing the instruments. Inves-
tigations were performed for January 2009 and from December 2011 to March 2012.
For both time periods, the calculated internal boundary layer was predominantly found
to be below the measurement height of 30 m, which is an important finding as it shows
that open ocean conditions can be measured from a ground-based measurement station.
Mass deposition fluxes of mineral dust were calculated by multiplication of the deposi-
tion velocity and the mass concentration of mineral dust. For the determination of the
latter two parameters, various methods were applied. The focus of the January 2009
campaign was to identify appropriate methods which can be used in field experiments
by comparing those against each other.
To obtain the size-resolved deposition velocity, two different methods were applied to
determine atmospheric turbulence parameters: the covariance and the profile method.
Within both methods measurements of wind speed with an ultra-sonic and two 2D
anemometers were used, respectively. The turbulence parameters are inserted into a
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model to calculate the deposition velocity according to the parameterizations by Zhang
et al. [2001]. The values obtained by the profile method are higher compared to those
obtained by the covariance method with an average deviation of about 29% in the
size range between 0.84 and 3 µm. This deviation can be explained by the underlying
assumptions of the profile method that need to be fulfilled for the logarithmic wind
profile, e.g., stationarity, horizontal homogeneity and neutral atmospheric stratifica-
tion. For the covariance method, we could prove that at least stationarity was fulfilled.
Further investigations to assure data quality of the ultra-sonic anemometer were per-
formed using spectral analysis. The power spectrum of the horizontal and the vertical
wind velocity as well as the sonic temperature, respectively, followed the -5/3 decrease
of Kolmogorov’s law, although the power spectrum of the sonic temperature showed
the -5/3 decrease in a smaller frequency range. By calculating the energy spectrum for
the horizontal wind velocity, the range of micro turbulence, the spectral gap and the
daily cycle could be reproduced for the CVAO.
Mass concentrations of mineral dust were obtained applying the microphysical, the
optical and the gravimetrical method. The microphysical method combines measure-
ments of particle number size distributions and hygroscopicity measurements. The
sophisticated H-DMA-APSS [Leinert and Wiedensohler, 2008] was used the first time
for the direct separation of mineral dust and sea salt in combination with particle
number size distributions to obtain pure particle number size distributions of mineral
dust. The optical method uses spectral optical absorption measurements, and for the
gravimetrical method aerosol filter samples are weighted and chemically analyzed. Al-
though the mass concentrations of mineral dust were corrected for particle losses in the
lines, the deviation of daily values was 20% and 40% less using the microphysical and
the optical method, respectively, compared to the gravimetrical method. However, the
gravimetrical method was only used for quality check of the data and is not considered
further also due to the lower time resolution. Direct comparisons of the microphysical
and optical method published in Niedermeier et al. [2014] showed an underestimation
by the optical method of the mass concentration of mineral dust of 30%. For calcu-
lating the mass concentration by the optical method, a constant mass fraction of iron
oxide for mineral dust particles was assumed [Mu¨ller et al., 2009]. The calibration of
this method was performed during a different campaign in the Saharan desert, which
can explain different iron fractions. By comparing the measured with modeled mass
concentrations of mineral dust it was found that in two of the three observed dust
events, the model showed higher values than the measurements. The inhomogeneous
distribution of mineral dust over the Cape Verde Islands could be identified to cause
the overestimation. Thus, comparisons should only be performed when no mineral
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dust gradient is observed in the area of a grid cell of the model. The different types of
measurement and the model showed the same temporal evolution of the dust events.
The lowest maximum mass concentrations of mineral dust with 36 to 86µg·m−3 were
obtained by the gravimetrical and the optical method compared to the microphysical
method and the model with with 56 to 144µg·m−3.
Three different combinations of the described methods for deposition velocity and mass
concentration determination were applied to calculate the mass deposition flux of min-
eral dust. These combinations are: (a) the covariance with the microphysical method,
(b) the profile with the microphysical method and (c) the covariance with the opti-
cal method. Additionally, mass deposition fluxes obtained from passive sampling and
scanning electron microscopy were used for comparison with the regional chemistry-
transport model. Mean values of the mass deposition fluxes of mineral dust for the
4 weeks of measurements were similar for the different methods ranging from 12 to
29 ng·m−2s−1. The modeled dry mass deposition flux of mineral dust was often higher
than the values derived from the ground-based remote sensing and showed an average
value of 47 ng·m−2s−1. The above mentioned inhomogeneous dust distribution over the
model grid cell is one reason to explain this difference. Furthermore, it was found that
the transport height of the dust layer was mis-represented in at least one case and that
a wrong dust emission at the source region lead to an over- or under-prediction of dust
deposition fluxes.
Besides filter sampling, these are the first in-situ microphysical measurements of depo-
sition fluxes of mineral dust to the remote ocean. This was the first time that different
methods to measure and calculate mass deposition fluxes of mineral dust were com-
pared to each other at one site. The individually determined deposition fluxes agreed
within the uncertainties, i.e., data assurance for the different methods is given. It was
shown that deposition measurements of mineral dust can be carried out with moderate
effort and that each of the presented methods can be used. For further use, the com-
bination of the covariance and the microphysical method to calculate mass deposition
fluxes of mineral dust is the preferred one due to the availability of detailed informa-
tion on turbulence parameters and size resolved mass concentrations of mineral dust.
Despite, also the other methods are further used to assure a large set of data and data
quality.
The focus for the December 2011 to March 2012 period was to obtain a better un-
derstanding of the differences between measurements and model and to increase the
quality of data acquisition. The latter point was improved compared to 2009 by in-
creasing the number of particle diameters measured by the H-DMA-APSS and using a
measurement limit for the mass concentration and mass deposition flux of mineral dust
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to set a range of reliable values. For the microphysical method, an error of 23% was
estimated between the total particle number size distribution and that cut at 2.5 µm,
which fits the size range of the gravimetrical method.
The measured (microphysical method) and modeled mass concentration of mineral
dust between January and February 2012 was in good agreement with a mean devi-
ation of only 3%. Maximum values of 300 and 350µg·m−3 for January 2012 and 500
and 650 µg·m−3 for February 2012 for the measured and modeled mass concentration
of mineral dust were close together. The correlation coefficient between both was 71%.
Equal to the 2009 study, the optical method showed a lower mass concentrations of
mineral dust compared to the microphysical method, this time 45%. The temporal
evolution of the events with high mass concentration was also similar between the
model and the microphysical (as well as the gravimetrical and optical) method where
the highest concentrations evolve at the same days. Only for smaller dust events, the
measurements and the model deviate concerning the dust amount and the temporal
evolution.
The modeled mass deposition fluxes of mineral dust were divided into dry and wet de-
position. Direct comparisons with the measurements showed too many modeled cases
of wet deposition resulting from an overestimation of rain days at the station. The
comparison of the mass deposition fluxes was thus done only for time periods for which
no wet deposition was computed by the model. Both, the covariance - microphysical
method and the model show high variances between the individual months represent-
ing the variability in time and concentration of mineral dust events as stated by Duce
et al. [1980] and Mahowald et al. [2005]. Looking on these months individually, de-
viations between the measurements and the model were observed. Explanations are
addressed to uncertainties in the emission schemes at the source region (e.g., no emis-
sion in mountain ranges, emissions due to the nocturnal low level jet works only in the
Bode´le´ Depression) and the difficulty to model rain production. Mahowald et al. [2005]
already mentioned that the first issue has to be improved in the models. Within this
work, the uncertainty of a too large number of wet deposition events could be identified
and was explained by the model developer with the output of wet deposition although
the rain did evaporate. Compared to the mass concentration of mineral dust, which
showed a good quantitative matching between the measurements and the model for
January and February 2012 with a slope of 0.97, the mass deposition flux released by
the model was nearly double as high as the measured one. These discrepancies may
have been caused by the deposition velocity. The span of modeled deposition velocities
ranged from 0.8 to 2.1 mm·s−1, that of measured deposition velocities ranged from 0.7
to 0.95 mm·s−1. The surface properties for the single point measurement and for the
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area of the model domain are different leading to different turbulent fluxes and thus
to different deposition velocities. However, the mean values of the mass deposition
flux of mineral dust for the whole investigated time frame show similar values with
22.4 ng·m−2s−1 for the covariance - microphysical method and 27.22 ng·m−2s−1 for the
regional model.
At the end, comparisons of mass concentrations and mass deposition fluxes of mineral
dust were carried out with only one model. The results of the measurements were
similar in their range of uncertainty, while the model differed from the measurements,
sometimes only slightly, sometimes severely. Compared to the 2009 results, the match-
ing between the model and measurements increased for the months between December
2011 to March 2012. This may be due to improvements of the model since 2009, maybe
because the time frame is longer and additionally due to the better outer conditions
(some days of stable stratification, homogeneous dust layer).
An additional interesting issue was found showing that although measured and mod-
eled results differed within several months, the mean values over all months were equal
between the measurements and the model output. Continuing the measurements and
comparing them to the regional model will show if this behavior is also observed for a
longer time frame. As models need a good validation to represent atmospheric events,
the measurements carried out within this thesis can help to validate models.
In conclusion, with the measurements in January 2009 and from December 2011 to
March 2012, a set of measurements of mass concentrations and dry mass deposition
fluxes of mineral dust has become available. Additional analysis of both parameters
will be carried out using the microphysical and the covariance - microphysical method,
respectively, for periods where the necessary input data were gathered. With the covari-
ance - microphysical method being the preferred one for analysis of separate months,
long time series of deposition fluxes cannot be achieved due to technical defects of the
sophisticated instrumentation. To fill the gaps of missing measurements for the covari-
ance - microphysical method, the optical method can be used instead. This technique
uses robust instrumentation to measure mass concentrations of mineral dust that runs
very save. With R2=0.95, the optical method shows an excellent matching with the
microphysical method. By adding a constant calibration factor that was deviated from
this work to be 45% of the measured mass concentration of mineral dust, also the quan-
titative deviations can be improved. The qualitative matching between the optical and
the other measurement techniques is in good agreement and shows the same temporal
evolution of mineral dust events. The deposition velocity can be applied by the co-
variance method or using an averaged mass-weighted deposition velocity. The latter
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one was found to be 0.80 mm·s−1 in average for 2009 and 0.84 mm·s−1 in average for
the months from December 2011 to March 2012 and is thus comparable to the value
commonly used in literature [Gao et al., 2001; Duce et al., 1991]. Assuming a sta-
ble deposition velocity over time and combining it with the optical method, long-term
trends in the mass deposition flux of mineral dust can be obtained and will be provided
to improve model outputs and for scientists of other disciplines within the SOPRAN
project for e.g., investigating the response of oceanic microorganisms to mineral dust
inputs.
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